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Thesis Structure  
 
To guide the reader and ease navigation through the manuscript the chapters are colour 
coded on the bottom right corner of the script. 
 
    
The first chapter of this thesis provides the research abstract. This is a concise 
overview of the research work, illustrating the research rationale with aims and 
objectives, together with a concise summary of the key research findings. 
 
    
The intellectual ownership and declaration for the published work contained within 
this thesis is included in this chapter. This chapter also demonstrates the overall 
contributions the author made to each publication.  
 
    
The third chapter provides a contextual background of the thesis. The aims and 
objectives are discussed in full, along with the research rationale. The rationale is 
supported by a succinct review of the literature pertaining to the research context. 
 
 
 
Chapter One 
 
Chapter Two 
 
Chapter Three 
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The systematic acquisition and distribution of the acquired and novel knowledge are 
discussed in the fourth chapter. This chapter illustrates the concepts and design for 
each research project in turn and discusses the various research teams constructed. 
This chapter contains a critical review of the published research, together with key 
research findings and future research work in development. 
 
    
The fifth chapter contains the published research work. This includes eight journal 
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also provides a succinct summary of the thesis findings and the development of future 
projects arising from this research. 
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Chapter One: Abstract 
 
Rationale 
Mammography practitioners control the amount of compression force applied to the 
breast. There are no quantifiable recommendations for optimal compression force 
levels for practitioners to follow. Clients report variations in pain and discomfort when 
compression force is applied. Until now practitioner compression force variability has 
not been investigated; even though this might lead to variations in client pain and 
discomfort. The primary purpose of this thesis was to investigate whether practitioner 
compression force variability exists. 
 
Method 
Three research papers investigated practitioner compression force variability: one 
used a cross sectional design; two used longitudinal designs, one was single centre and 
the other was multicentre. Three further research papers investigated important issues 
which might confound practitioner variability results: the first investigated 
compression paddle bend and distortion; the second investigated how breast thickness 
and compression force vary; the third evaluated practitioner ability to grade breast 
density, visually. The final research paper was a ‘within client’ investigation to 
determine how image quality varied with breast thickness and compression force.  
 
Key findings 
The research firmly demonstrates that practitioner compression force variability 
exists. Multicentre analysis (4500 client visits) confirmed two out of three screening 
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sites with significant practitioner variability, with the third screening site having a 
minimum dictate of compression force at 100N. As displayed by MLO/CC projections 
clients underwent a 55%/57% (site one), 66%/60% (site two) and 27%/26% (site three) 
change in compression force through their three screening visits.  
 
The research confirmed that the compression force received by a client was highly 
dependent upon the practitioner, and not the client. Within an individual clients 
screening pathway the research has demonstrated that clients could receive 
significantly different compression force levels over time.  
 
Conclusion and further research 
For the first time practitioner compression force variability has been identified. Novel 
methods for reducing breast thickness need investigating; an example of a novel 
method is the use of pressure rather than force. 
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Chapter Three: Contextual Background 
 
3.1 Aims and nature of research 
Rigorous maintenance of a quality assurance (QA) programme is crucial in upholding 
the effectiveness of the National Health Service Breast Screening Programme 
(NHSBSP). The QA guidelines for mammography established to facilitate the 
NHSBSP objectives of a long term contribution in the reduction in breast cancer 
mortality. Within the QA guidelines for mammography there are no guidelines for 
optimal compression force levels for practitioners to follow when performing 
mammography. 
 
The overall concept of this research was to identify the range and extent of 
compression forces used in order to investigate practitioner variation of breast 
compression force within the NHSBSP.  
 
The objective of this research was to establish: 
 if practitioner variation in the application of compression force existed 
 if so, to establish the range of that variation 
 if establishing a range, to realise potential consequences to image quality and 
identify possible client effects over sequential screening within the NHSBSP  
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3.2 Research context 
To establish the research framework, contextual information on the NHSBSP, 
mammography and quality assurance (QA) guidelines follow.  
 
3.2.1 National Health Service Breast Screening Programme (NHSBSP) 
The incidence of breast cancer is increasing on a global scale and the disease remains 
significantly high in public health issues. Mammography is, at present, the best 
method for the detection of clinically non-palpable breast cancer. The aim of the 
NHSBSP to detect cancer at an early stage [NHS Cancer Screening Programmes, 2013] when 
there is a greater chance of it being treated successfully [Health and Social Care 
Information Centre, 2013]; prognosis of the disease being directly related to the disease 
stage at diagnosis, with early detection leading to better prognosis [Ng & Muttarak, 2003].  
 
The Forrest Report in 1986 [Department of Health and Social Security, 1986] recommended 
screening asymptomatic women aged 50-64 years in a three yearly cycle. Since its 
introduction in 1988, the NHSBSP has seen many procedural and structural changes; 
all aimed at increasing cancer detection rates. Two projection mammography (one in 
the cranio-caudal projection known as the CC and one in the medio-lateral oblique 
projection known as the MLO) was introduced at prevalent (first) round screening in 
1995, followed by incident (subsequent) round introduction in 2002. In 2004 the upper 
age range for screening increased to 70years and in 2010 the NHSBSP commenced a 
randomised control trial of age expansion to those aged 47 to 73, with expected 
completion in 2016 [NHS Cancer Screening Programmes, 2013].  
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27 
Key facts about the NHS breast screening programme are highlighted in Table 3.1, 
with ‘uptake’ being the percentage of women who are invited for screening in the year 
and screened within six months of their invitation. 
 
Year Number of 
women screened 
aged 45+over 
(Millions) 
Uptake  
(50-70years) 
 
(Percent) 
Referred for 
assessment 
(45+over) 
(Thousands) 
Cancers detected 
(45+over) 
 
(Thousands) 
Cancers detected per 
1,000 women screened 
(45+over) 
(Rate) 
2010 1.79 73.2 74.3 14.2 7.9 
2011 1.88 73.4 75.0 14.7 7.8 
2012 1.94 73.1 80.5 15.7 8.1 
2013 1.97 72.2 81.9 16.4 8.3 
[Health and Social Care Information Centre, 2014] 
 
Table 3.1: NHSBSP Key facts 
 
The risks and harms of breast screening in the NHSBSP is a continued controversial 
debate, in terms of lives saved it has been demonstrated that the benefit of 
mammographic screening is deemed greater than the harm in terms of over diagnosis, 
with between two to two and a half lives saved for every one over diagnosed case 
[Duffy et al 2010]. A research group, the Strategic Review of Health Inequalities in 
England [2012], was assigned to fully assess the risks and harms of screening for breast 
cancer; their key aim to establish how effective the screening programme was at saving 
lives. This review, led by Professor Marmott, summarised that for each breast cancer 
death prevented, about three over diagnosed cases will be identified and treated. The 
conclusion of the review concluded that the UK breast screening programmes had a 
significant benefit and should continue. 
 
3.2.2 Mammography  
Mammography has been long established (over 40years) as the leading modality for 
the detection of breast cancer [Strategic Review of Health Inequalities in England, 2012]. In 
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2005, it was recognised that digital mammography was significantly better than 
analogue mammography at detecting breast cancer in women aged 50years or 
younger, or in women at any age with very or extremely dense breast tissue [Pisano, 
Gatsonis, Hendrick, & Yaffe, 2005]. Whitman and Haygood [2013], demonstrated that digital 
screening is similar in efficacy or slightly better than film screen. The Department of 
Health (DoH) [2007] decreed that full field digital mammography was to be made 
available for women in the screening assessment process within the NHSBSP in the 
47-50 age range, together with a roll out of digital equipment in all screening services, 
with digital mammography for all clients screened within the NHSBSP by 2012. 
 
A mammogram, be it analogue or digital, consists of two projections of each breast; 
one in the cranio-caudal projection known as the CC and one in the medio-lateral 
oblique projection known as the MLO. For the CC the inferior portion of the breast is 
placed on the image receptor and the compression paddle is applied onto the superior 
portion of the breast; the mammography machine gantry is parallel to the floor (Figure 
3.1). For the MLO the arm of the mammography gantry is tilted from the vertical and 
angled to be parallel to the pectoral muscle angle of the client; the angle determined 
by the practitioner in accordance with the client body habitus (Figure 3.2). 
  
Figure 3.1: The cranio-caudal (CC) mammogram  
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Figure 3.2: The medio-lateral oblique (MLO) mammogram 
 
Imaging the breast is challenging due to the large variations in breast volume and 
morphology. Client anatomical variations, particularly within the sternum and spine 
pose challenges for practitioners and require adapted techniques. For a successful 
mammography image the practitioners require client co-operation and must ensure 
accurate breast positioning; it is recognised that an optimum image can be achieved 
by employing the ‘3 Cs; carefully, correctly and consistently’ [Simmons, Chavez, & Barke, 
2012].  
 
It is identified that the application of breast compression force that is required prior to 
image acquisition is one of the most essential parts of the mammography process. 
When compression force is applied it reduces breast thickness; though the exact 
relationship between compression force and reduction in breast thickness is neither 
linear nor clear-cut [Hogg, Taylor, Szczepura, Mercer, & Denton, 2013; Poulos, McLean, Rickard, 
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& Heard, 2003]. It is clearly recognised that breast thickness reduction minimises 
radiation burden, lessens superimposition of breast structures and decreases geometric 
and motion unsharpness [Bentley, Poulos, & Rickard, 2008; Long, 2000; Poulos, & McLean, 
2004].  
 
The importance of sustained and consistent high standards of practitioners who 
perform mammography and apply breast compression force are essential in 
maintaining the efficacy of the NHS breast screening service.  
 
3.2.3 Principles of quality assurance (QA) 
The main aim of the NHSBSP is to reduce mortality from breast cancer. Quality 
assurance within the NHSBSP facilitates that objective by providing robust standards 
to ensure focus and adherence with this key goal [NHS Cancer Screening Programmes, 2006].  
 
When the NHSBSP service was introduced, the Forrest Report, stressed that all service 
aspects would have to be of highest quality [Breast Cancer Screening, 1987]. From this 
point onwards QA became a central, fundamental and integral part of the service; the 
first QA guidelines for mammography being published in 1989 [Department of Health, 
1989]. This, the Pritchard Report, set out key standards, objectives and intrinsic 
elements of staff training, responsibilities and key lines of reporting frameworks [NHS 
Cancer Screening Programmes, 2006]. 
 
The DoH in 1991 provided an advisory committee report for breast cancer screening 
which highlighted the evidence and experiences since the introduction of the Forrest 
Report [Breast Cancer Screening, 1991]. In 1997 a further review of QA services was 
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requested from the Secretary of State for Health [Calman & Hine, 1997]. The executive 
letter, EL(97)67, fully clarified relationships between breast screening units, host 
Trusts and regional QA teams; stating that adherence to national standards and a 
rigorous QA programme were key prerequisite elements in high quality breast 
screening services [NHS Executive, 1997].  
 
Specific to the context of mammography and practitioners employed within screening 
services, guidelines exist which managers of breast services have responsibility to 
ensure compliance. NHS Cancer Screening Programmes [2006] in their publication 63, 
establish the QA guidelines for mammography staff including quality control.  These 
objectives concern the whole aspect of the service and equipment. Two specific 
objectives are concerned with the achievement and sustainment of optimum image 
quality with as low a radiation dose as practicable. Specific guidance is directed at 
‘minimum standards’ for specific high contrast spatial resolution and minimal 
detectable contrast levels on images. The guidance for the minimum standard for mean 
glandular dose per film for a standard breast at clinical settings is ≤ 2.5 mGy [NHS 
Cancer Screening Programmes, 2006]. Other than this there are no further dictates or 
guidance in this area. 
 
Within these standards a section on mammographic techniques deals with ‘appropriate 
compression’ [NHS Cancer Screening Programmes 2006]. The standards state that: 
 “Compression is important in reducing radiation dose, movement blur, geometric unsharpness and 
overlapping tissue shadows. The compression should be applied slowly and gently to ensure the breast 
is held firmly in position. The breast should be lifted and the tissue separated while compression is 
applied to enable better visualisation on the mammogram. The force of the compression on the x-ray 
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machine should not exceed 200 Newtons or 20 kilograms”.  [NHS Cancer Screening Programmes, 
2006, p.42] 
 
Practitioners employed within the NHSBSP have no further specific guidance on 
compression force application. It is apparent that there is scope and potential for 
significant variations in practice with the application of breast compression force.  
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3.3 Literature analysis 
In the development of this research the identification of a key theme was established; 
practice within and between practitioners in the application of breast compression 
force. Literature analysis surrounding this key theme is presented within this section 
of the thesis. 
 
3.3.1 Image quality  
The aim in mammography is to clearly visualise breast tissue structures in order to aid 
cancer detection. A criterion of NHSBSP guidelines focuses on image evaluation 
systems in order to guide staff to ensure optimum image quality. Taplin et al [2002], 
highlighted a positive correlation between poor image quality and the occurrence of 
breast cancer within two years of a negative screening mammogram and highlighted 
the importance of image quality within the NHSBSP. The experience of the 
practitioners and the standardised training of such staff is therefore of upmost 
importance in order that image quality is maintained to the highest clinical standards.  
 
Challenges, as described by Bentley et al [2008], are in the quantification of image 
quality of the mammography image and the skill of the practitioners in breast 
immobilisation and positioning prior to compression.  
 
In relation to image quality of a mammogram, breast compression to reduce breast 
thickness is deemed to be one of the most important factors. Any reduction in breast 
thickness with adequate breast compression reduces the radiation dose required for 
exposure and improves image contrast by reducing radiation scatter [Chida et al., 2009; 
Pisano et al., 2005].  
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Individual practitioners involved in mammography service provision are evaluated 
through self-assessment. Rigorous three yearly quality assurance visits to a service 
encompass assessment of image quality through evaluation [NHS Cancer Screening 
Programmes, 2000]. Image quality is measured by a tool produced by the NHSBSP [NHS 
Cancer Screening Programmes, 2006] which directly relates to the amount of breast tissue 
included on a mammogram in both the MLO and CC views. It is important to 
recognise that this tool is not derived from evidenced research base nor does it monitor 
compression forces. Practitioners are continuously monitored by this tool with self-
assessment and peer review to monitor their standards.  This tool is imperative to 
maintain standards; it was recognised back in 2003 that 10% to 30% of cancers can be 
missed through poor mammography screening [Majid, Shaw de Paredes, Doherty, Sharma, & 
Salvador, 2003], highlighting the importance of strict image quality standards.  
 
It is clear that mammography image quality is dependent on numerous interlinked 
components including equipment, client positioning, compression force, viewing 
conditions, patient tolerance and practitioner skill. Comparisons of image quality have 
to take into account these factors as these will lead to the ultimate indicator in the 
performance of the NHSBSP; the success or failure in the detection of non-palpable 
breast cancer. Taplin et al [2002] suggested that little was known about exactly which 
of these image quality parameters affect cancer detection and no research has been 
further established in this field. A systematic review in 2010 [Li, Poulos, McLean & 
Rickard, 2010], noted that when image quality was rated higher, the lesion detection rate 
did not alter and further studies were suggested to be carried out to explore the 
relationship between image quality components. At this time no further details 
emerge. 
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This review of clinical image quality evaluation methods in 2010 [Li et al., 2010] 
assessed the EU [European Commission., 1996] and the ACR [Committee ACR., 1999] 
guidelines on image quality, highlighting an expectation that similar research studies 
with similar aims would use similar image quality evaluation methods. The review 
demonstrated this was not the case and overall, although the rating methods for image 
quality in all these studies varied considerably, it is acknowledged that all but one 
study utilised the BI-RADS classification scale.  
 
 Li et al [2010] strongly suggested that it was essential that research focussing on 
mammography image quality evaluates the inter - reader reliability together with an 
evaluation of breast density and an overall impression of image quality. The article 
noted that more importantly, the method should permit simple, reproducible 
evaluation of clinical components.  
 
In summary, it is apparent that the term ‘image quality’ can be addressed from varying 
perspectives and that analysis of visual image quality is complex and multifactorial. 
For the direct monitoring of image quality standards within the NHSBSP, together 
with research activities, it is essential that criteria to assess image quality have a sound 
evidence base and remain consistent.  
 
3.3.2 Compression and pressure force 
Within mammography generalisation of the terms force, pressure and weight are often 
used by practitioners interchangeably and there is a recognised lack of understanding 
in the terminology. For clarity: 
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 Force is an interaction which causes the change of motion of an object, 
measured in Newtons (N). With ten decaNewtons of force (daN) being 
equivalent to one Newton (N); 10daN =1N.  
 
 The term pressure is referred to as the force per unit area which is applied in a 
direction perpendicular to an objects surface, measured in Newtons per square 
metre measured Pascal (Pa). With one Pascal relating to one unit per square 
metre.  
 
 The weight of an object (kg) is the force generated by the gravitational 
attraction of the earth on an object; 1kg is equal to 9.80655N. The weight of 
an object in kg is generally taken to be the force (N) of an object due to gravity.  
 
Compression force is applied to the breast tissue during mammography and the 
readout in N or daN of force often visualised by the practitioners on the mammography 
machine; practitioners commonly refer to this interchangeably as a ‘pressure’ and a 
‘force’. 
 
In standard mammography practice, breasts are compressed until adequate thickness 
reduction is induced. Deciding when enough compression force has been applied is 
the remit of the practitioners and various descriptors have been proposed to indicate 
when enough compression force has been applied [Eklund, Cardenosa, & Parsons, 1994; 
Kopans, 2007; Long, 2000; Poulos & McLean, 2004; Wentz, 1992]. There are no evidence-based 
agreed guidelines for practitioners to identify optimal compression force levels.  
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The NHSBSP published a set of imaging criteria providing clear guidelines for the 
‘ideal’ mammogram. These guidelines refer to the compression force being applied to 
the breast “slowly and gently to ensure the breast is held firmly in position” [NHS Cancer 
Screening Programmes, 2006] and also allude to the fact that the compression should not 
be in excess of 20kilograms. Mammography machine readouts are in Newtons or 
decaNewtons of force and the guidelines should reflect these measures.  
 
The key competency framework [Skills for Health, 2013] directs training centres to the 
criteria which practitioners should meet upon qualification; occupational standards to 
position individuals and produce radiographic images of the breast state that the breast 
should be ‘compressed to ensure the whole breast is included’ [Skills for Health, 2013] 
and do not offer further guidance on the compression force values.  
 
Through recent research it is clear [Murphy F, et al., 2014] that many practitioners do not 
refer to the numerical value of compression being applied, but make a decision to 
cease compression related to the look and feel of the breast. Within this research 
Murphy and colleagues [2014] noted that some practitioners used compression force as 
a final check prior to exposure and some practitioners involve the client. They also 
found that the speed of the application of compression force varied and practitioners 
demonstrated self-doubt about their practice. In another study it was noted that clients 
could often compare their experience with a previous examination [Robinson, Hogg, & 
Newton-Hughes, 2013]. 
 
It is clear that positioning the client for a mammography image requires a great deal 
of skill. The application of breast compression force that is required prior to image 
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acquisition is one of the most essential parts of the process. It is well established that 
the development of a relationship of trust with the client will assist with their 
relaxation and that effective communication is essential in order for the client to 
understand the positioning required and the use of compression force [Lee, Strickland, 
Wilson, & Rickard, 2002; Simmons et al., 2012]. Doyle and Stanton [2002] referred to breast 
compression application as an ‘art’ and discussed the challenges that practitioners 
faced in communicating effectively with clients whilst applying compression.  
 
New technologies are coming into play [De Groot, Broeders, Branderhorst, den Heeten, & 
Grimbergen, 2013] which change the focus from compression ‘force’ to compression 
‘pressure’. In a newly designed compression paddle, the paddle indicates the pressure 
applied to the breast rather than assessing the overall force. Such new technology 
could lead to consistency of pressure for each screening attendance; that is, if standards 
were in place. 
 
 
3.3.3 Mammography pain 
In practice breasts are compressed until “the breast is taut at the sides”, “the skin 
blanches” [Bragg, 1986; Long, 2000; Wentz, 1992]. Poulos et al [2004] highlighted that the 
application of compression influenced pain with potentially no associated benefits 
with breast thickness reduction.  
 
Poulos’ studies [Poulos et al., 2003; Poulos, & McLean, 2004] utilised experimental 
mammographic compression, with no exposure, noting down the point at which 
blanching of the tissue and/or tautness at the sides together with minimal thickness 
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and patient discomfort. The study results reported that “blanching/tautness” occurred 
at a wide range of compression forces and breast thicknesses and have the potential to 
create variation in the application of compression force in breasts. It was shown that 
in practice it is possible to assess whether the breast is firm or soft in the first 30N of 
application; the specific requirements for each breast can then be applied by the 
practitioner.  
 
In 2004 Poulos and McLean called for a “..,new perspective on breast compression..,” 
discussing the fact that essential focus is required on training in mammography with 
regards to the effects of breast compression focusing on the minimisation of breast 
thickness rather than the amount of compression applied. To date, no further work is 
apparent in this field. 
 
It is imperative to maximise the number of women who attend for routine breast 
screening in order to reduce breast cancer mortality. A systematic review by 
Whelehan, Evans, Wells & McGillivray [2013] confirmed the effect of pain on repeated 
attendance for screening.  Though it is stated that there is a complexity between the 
phenomena of pain and screening behaviour, the research was able to firmly conclude 
that there was sufficient evidence that painful mammography contributed to non-re-
attendance. 25-46% of women cited pain as a reason for non-re-attendance; in real 
terms between 47,000 and 87,000 women each year in England. Their research 
concluded with an appeal for pain reducing interventions in mammography. 
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3.3.4 Radiation risks 
Mammography is required to be performed to a high standard with a low breast 
radiation dose; mean glandular dose per image for a standard breast at clinical settings 
being ≤ 2.5 mGy [NHS Cancer Screening Programmes, 2006]. The breast tissue should be 
adequately penetrated with radiation in order that the fibrous strands can be visualised 
through the breast parenchyma tissue; it was acknowledged by Cheung [2006] that 
underexposure resulted in a marked risk for missing breast lesions. As the various 
breast tissue types (fat, glandular and fibrous) have similar atomic numbers they have 
little inherent density differences; high contrast images are required for subsequent 
high quality mammography using the lower kVp ranges [Eklund et al., 1994].  
 
The risks and health effects after radiation exposure with such low doses is a topic that 
remains under debate today; “For every 14 000 women in the age range of 50-70 
screened by the NHSBSP three times over a 10 year period, the associated exposure 
to x-rays will induce one fatal breast cancer” [NHS Cancer Screening Programmes., 2006]. In 
order for the breast screening service to be justified, in radiation protection terms, then 
the benefit of screening must far outweigh the risk of inducing breast cancer. The 
benefit of screening maximised by the number of cancers detected, which is increased 
by improvements to image quality. It is to note that diagnostic performance is not 
solely dependent on image quality, but on other powerful parameters such as observer 
decision making, expertise, workload and experience. 
 
In summary it is noted that the breast tissue is a radiosensitive structure and the 
radiation risk is considered to be acceptable compared to the benefits for a screening 
programme such as the NHSBSP. 
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3.3.5 Breast density 
The breast tissue itself is made of soft tissue structures with two different densities; 
adipose (fatty) and fibroglandular tissue. Breast density refers to the relative 
composition of this fibroglandular and fatty tissue; glandular tissue having a high 
density with fatty tissue a lower density.  
 
In early reproductive life the breast consists of around 20% fatty tissue, with 20% 
being epithelium and 60% connective tissue. Breast density represents this epithelium 
and connective tissue (fibroglandular). The proportions of these alter with age, the 
amount of fatty tissue increasing with decreasing proportions of epithelium and 
connective tissues [Howell et al., 2005].  
 
The association between increased breast density and an elevation in risk of breast 
cancer is well established.  In basic terms, dense breast tissue contains less fat with 
more breast cells and connective tissue, therefore a greater proportion of breast cells 
associated with an increased risk of breast cancer [Assi, Warwick, Cuzick, & Duffy 2011; 
Boyd et al., 1995; McCormack, & dos Santon Silva, 2006; Wolfe, 1976]. Howell et al [2005] 
described multifaceted and interrelated associations with breast cancer; finding that 
some are unavoidable, such as inherited genes, and some are modifiable such as diet, 
alcohol and exercise. Other associations, such as late menopause and early menarche 
(longer lifetime exposure to the hormones oestrogen and progesterone), having 
increased associations with breast cancer development [Howell et al., 2005].  
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Though most risk factors associated with breast cancer are unable to be altered such 
as age, family history and parity; breast density can be altered by diet and exercise. 
Body weight is linked with breast cancer. After the menopause increased oestrogen 
levels are linked with the amount of body fat; an increased oestrogen level is 
associated with an increased risk of breast cancer. Higher amounts of fat in the diet 
also increase the risk of developing breast cancer. Research studies are attempting to 
ascertain individual’s breast cancer risk within screening programmes and therefore 
the methods for the measurement of breast density need to be accurate [Sergeant et al., 
2012]. 
 
Breast classification models have been utilised in order to ascertain magnitudes of risk 
of breast cancer in accordance with breast density. The classifications of breast tissue 
were first defined by John Wolfe MD in 1976 and, as such, are referred to Wolfe 
patterns. The density of the breast tissue progressively increases throughout the 
patterns [Heine & Malhotra, 2002] and Wolfe’s classification took into account both 
quantitative and qualitative considerations of breast tissue [Byng et al., 1998].  
 
The Breast Imaging Reporting and Data System (BI-RADS®) [Sickles, D’Orsi, & Bassett 
2013; D’Orsi, Bassett, & Berg, 2003] reported by the American College of Radiology, is a 
tool for the standardisation of mammography reporting. It consists of a lexicon of 
standardised terminology, a reporting organisation with an assessment structure, 
together with a coding and data collection structure. The BI-RADS® breast density 
classification provides a means of breast pattern density classification and again 
highlights four progressively dense mammographic patterns; almost entirely fat (A), 
scattered fibroglandular densities which could obscure lesions (B), heterogeneously 
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dense which may lower the sensitivity of mammography (C) and extremely dense 
which lowers the sensitivity of mammography (D). Most descriptions of breast density 
used for clinical purposes today use this classification system. It is noted that there is 
variability in using the BI-RADS® system and few studies have evaluated such 
variability between film readers in screening mammography [Heine & Malhotra, 2002].  
 
In 2004, Hershe discussed a further way of classification of breast density by computer 
software programmes; restrictions and inconsistencies in reader classification of breast 
density in subjective ways uphold the use of computer software programmes on a 
continuous scale. In many research studies now undertaken to ascertain breast density, 
volumetric density estimation is provided by raw full field digital images from 
screening being processed through QuantraTM or VolparaTM software [Sergeant et al., 
2012]. 
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Chapter Four: Critical appraisal 
 
4.1 Research pathway 
Following a literature review several themes were identified which directly 
contributed to the research rationale; forming the aims, objectives, methods and 
moulding the research.  
 
The following statements were established in the development stages of the research: 
 Compression force: there were no set directed quality control standards for 
mammography practitioners in relation to compression force application, 
other than a maximum force set at 200 Newtons [NHS Cancer Screening 
Programmes, 2006]  
 Resultant pain: re-attendance into the NHSBSP was being affected by breast 
pain following mammography [Whelehan et al., 2013] 
 Radiation risks: radiation doses should be kept as low as reasonably possible 
in the radiosensitive breast tissue 
 Image quality: comparison of images over time through sequential screening 
is imperative to detect small, subtle breast changes and improve breast cancer 
detection 
 
The main concern for the researcher was that even though very strict quality assurance 
and control guidelines were apparent through the NHSBSP, one area was deficient - 
the guidance and resultant standards regarding the application of compression force.  
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As the application of compression force directly affects the breast thickness, radiation 
dose levels and image quality to the breast, there required an edict to guide 
practitioners in this field. Research within this area was therefore essential. 
 
The research objectives were clarified (Figure 4.1): 
  
Figure 4.1: Research objectives 
 
The researcher focused on designing and establishing research pathways which had 
direct significance to the research objectives above. In turn these could likely establish 
significance in clinical practice. Several research pathways were designed. 
Development of these pathways and resultant research papers are summarised, for 
clarity, in Figure 4.2  
 
 
 
 
 
 
                
•Establish the extent of compression force 
variations within the NHSBSP
Objective 1
•Realise potential consequences to image quality 
and identify possible client effects resultant 
from any compression force variations
Objective 2
•Propose compression force ranges in 
mammography 
Objective 3
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Practitioner variation of 
compression force
Key research theme
Study to establish if 
practitioner 
variation existed.
Cohort of clients 
from one location.
Paper III
Page: 97
Paper V
Page: 113
Paper VIII
Page: 133
Research already 
underway at host 
site. Able to 
identify clients 
from this cohort.
Noted readout thickness 
on mammogram machine 
and measured thickness 
had inconsistencies.
Research to establish a 
simple method to 
determine breast readout 
accuracy on 
mammography units. 
Assisted in defining 
method for use of single 
mammography machine 
for further studies.
Appendix One
Page: 184
Paper I
Page: 79
Paper II
Page: 89
Establish if 
variations in 
compression 
force had effect 
on visual image 
quality.
Paper VI
Page: 121
Paper IV
Page: 107
Research results and key 
themes from other research 
interest amalgamated 
together in article
Summary article
Paper VII
Page: 123
Figure 4.2: Development of research pathways and research papers
Extend study 
principles to larger 
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Within this chapter the published works inter-relationships are highlighted and the 
established research objectives referred to as:   
 
 Objective 1: Establish the extent of compression force variations within 
NHSBSP 
 
 Objective 2: Realise potential consequences to image quality and identify 
possible client effects resultant from any compression force variations 
 
 Objective 3: Propose compression force ranges in mammography  
 
The development of research teams for all the research projects discussed within this 
chapter are considered in Chapter 6 of this thesis. 
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4.2 Establishing if compression force variation existed (objective 1) 
The first key research objective was to: 
 Establish the extent of compression force variations within the NHSBSP 
In order to investigate this, a preliminary study was designed to determine whether the 
absolute amount of compression force in mammography varied between and within 
practitioners (Paper III). 
 
The researcher was previously involved in a feasibility study (Appendix One) to assess the 
practicality of using a step-wedge based technique for measuring breast density from 
mammograms and to determine if additional information (relevant to breast cancer 
risk) could be collected by questionnaire.  As part of this feasibility study, a cohort of 
clients from the NHSBSP was utilised from one screening service, taken from one 
static mammography centre which utilised one mammography system. As the cohort 
was a non-randomised consecutive group of NHSBSP clients, imaged on one 
mammography machine, they were considered ideal for sampling purposes for the 
initial study (Paper III). 
 
Additional and coincidental, volumetric data was available from the feasibility study 
(Appendix One) which was utilised. Together with this, during the planning stage, it was 
acknowledged that breast density should be assessed. Following the literature search 
in this area the four-point Breast Imaging Reporting and Data System (BI-RADS) 
scale was utilised for this purpose [D’Orsi et al., 2003]. It is acknowledged that this 
reporting system was updated in 2013 [Sickles et al., 2013] and the reporting scale is now 
classified as A-D instead of 1-4. The research contained within this thesis was 
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conducted prior to the publication of the new guidelines and as such refers to BI-
RADS 1-4. 
 
Exclusion criteria were set to ensure the data sample was not compromised by clients 
who had undergone surgery or had breast implants; anything which would 
purposefully alter the practitioners application of compression force. The data from 
retrospective mammography images from 500 clients was collated in an Excel 
spreadsheet. Following advice from two separate statisticians the client number to be 
sampled was not derived by a power calculation, due to the many factors involved for 
analysis. Instead a number of 500 was clarified with the statisticians to enable enough 
data within each BIRADS breast density for representative sampling. 
 
4.2.1 Data interpolation 
Data interpolation for this paper (Paper III) followed through the Excel spreadsheet. It was 
clear at the onset of data interpolation that a large number of confounding variables 
existed which could affect compression force application, for example; client 
tolerance, client habitus, practitioner experience in positioning, practitioner skill in 
positioning, breast volume and breast density. It was realised, very rapidly, that 
confounding factors had to be excluded and a clear focus was required on the research 
aim – practitioner variation.   
 
The results from this study (Paper III) demonstrated a highly significant difference in 
mean compression force used by different practitioners (p<0.0001 for each BI-RADS 
density). It also demonstrated that practitioners applied compression in one of three 
ways using either low, intermediate or high compression force, with no significant 
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difference in mean compression within each group (p=0.99, p=0.70, p=0.54, 
respectively) but a significant difference between each group (p<0.0001). When 
compression was analysed by breast volume there was a wide variation in compression 
for a given volume. The general trend was the application of higher compression to 
larger breast volumes by all three practitioner groups. 
 
The conclusions from this study highlighted that practitioners did vary in the amount 
of compression force they applied during mammography, and the same variation 
existed in each BI-RADS grade. It was essential that this work now progressed. 
 
4.2.3 Recognised shortcomings 
Prior to the development of the next research study it was essential that a critique of 
the previous work was undertaken and any shortcomings recognised and resolved 
prior to the development of the next research project.  
 
Within the initial stages of this project (Paper III), the first shortcoming was highlighted. 
It was acknowledged that a large proportion of time was squandered collecting data 
which was not required. This was due to the lack of understanding for the removal of 
the confounding variables at the developmental stage. It took the researcher some time 
to gain a full understanding of the requirement to understand which variables were not 
required in the dataset. Taking this forwards into the next research project, this 
shortcoming was resolved.  
 
The second shortcoming of this research (Paper III) was in the design. The design utilised 
analogue mammogram images as they were readily available and a retrospective study 
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data set was easily collated. In 2010 very few breast screening services had digital 
mammography; though in hindsight, it may have been possible to gain retrospective 
information from a screening centre who had been digital for nearly a year. If the 
researcher had done this in the early stages it could have stabilised the research in the 
digital screening arena. Instead, the data gathered within this research is from analogue 
images.  
 
4.2.4 Focus and definition of method for future projects (objective 1) 
During the development of the first study on practitioner variation (Paper III) it was 
acknowledged by practitioners within the department that when performing 
mammography the compression force ‘dropped off’. This occurred during the time of 
the application of compression force on the client, to the practitioner returning to the 
control panel. It was also realised that resultant thickness changes may also occur 
during this time. Practitioners also suggested that some mammography machines were 
more affected than others. 
 
This was considered to be an important area to develop in order to ensure stabilisation 
of the design and research outcomes from any future studies. As such, a study was 
designed to assess the measured thickness and the readout thickness measurements on 
mammogram machines (Paper I). It was important when planning this study that a breast 
phantom was designed to mimic the compression characteristics of the breast. It was 
recognised in the early stages of design that actual, real effects would not be gained 
from a typical perspex phantom used for equipment testing and a realistic breast 
phantom was essential. 
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The method for this study comprised of three stages. Firstly the design of a clinically 
realistic breast phantom and rigid torso [Smith, Smith, Hogg, Mercer, & Szczepura, 
2011]. Secondly, a device to measure breast thickness (TMD) and finally, the breast 
phantom and breast thickness measuring device utilised to assess several 
mammography units/paddle combinations. 
 
Several different mammography machine manufacturers and varying compression 
paddles were used for the study. The results from this study demonstrated a difference 
between the readout thickness and the measured thickness, which varied between units 
of the same model and between manufacturers.   
 
The results of this study assisted in defining the methods for the next part of the 
research, ensuring that machine variables were taken into consideration and 
confirming that the same mammography machine was used in the research studies. 
The next part of the research was to establish if practitioner variation in the application 
of breast compression was actual and not just defined to the client sample in the first 
study. 
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4.3 Confirming existence of compression force variation and identifying 
possible client effects (objective 1 & 2) 
The research so far had identified that variations may exist in the application of 
compression force between and within practitioners. It was important to replicate the 
method and develop a further single centre study (Paper V), whilst addressing the 
shortcomings from the previous study (Paper III), to enable the researcher to substantiate 
the research outcomes. 
 
4.3.1 Design phase 
In the early stages of the development it was important to recognise that the results of 
the breast thickness readout study (Paper I) defined the method for this research, by 
ensuring that the same mammography machine that was used in the previous study 
(Paper III) was utilised to negate any variables in equipment. 
 
During the design phase for this research it was deemed essential that the focus remain 
on the clients; variation of compression force over a period of time within the 
NHSBSP could potentially have profound effects on a client’s experience and may 
affect the uptake rates to the service. In order for this to be factored in, instead of 
increasing the number of clients for analysis, the study was designed to progress 
longitudinally over sequential screening mammography in order to specifically take 
compression effects over time into account. 
 
It was decided that a different cohort of clients would be utilised and three consecutive 
screening images analysed. This was deemed essential in the method definition at this 
stage. The NHSBSP requires serial imaging to occur at regular intervals, with images 
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reviewed to assess for subtle changes, if compression force variability between 
practitioners existed then a comparison between images over time may become more 
challenging and cancer detection may be compromised. 
 
The same exclusion criteria were applied as the single centre study (Paper III) and 
included 500 clients over 3 screening rounds (Paper V). The sample was gathered 
retrospectively from the same mammography system as the first study to enable direct 
comparison and minimise design error with machine given thickness and readouts (Paper 
I).  
 
4.3.2 Results 
The results from this longitudinal study (Paper V) highlighted that practitioners had 
similar compression force means as the single centre study (Paper III) (rank sum 
correlation coefficient = 0.9). The practitioners performed similarly in their 
compression force behaviours for both client datasets. This highlighted that 
practitioners were not altering their compression behaviours for clients with different 
breast sizes, but applying compression force within their own set ‘tolerances’.  
 
Importantly, the study results demonstrated that compression force varied over time 
and this was dependent upon the practitioner who imaged the client. For a client who 
was imaged with a practitioner from a different compression group on each attendance, 
breast compression force values were significantly different (p<0.0001). The breast 
thickness reduction was also significantly different between groups, suggesting that 
there was significance to the application of compression force in the reduction of 
breast thickness.  
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Significantly, as this was a retrospective sample, mean glandular doses were 
retrospectively analysed for clients who had been imaged from practitioners in 
different compression groups on each attendance. It was highlighted that in certain 
cases, the larger thickness reductions resulted in lower mean glandular doses (MGDs). 
Though ‘t tests’ indicated that these were not statistically significant in some cases, 
there has to be consideration of clinical importance – doses should be kept as low as 
practical. 
 
4.3.4 Recognised shortcomings 
As with the previous research, the design of this research was limited due to the 
utilisation of analogue mammogram images as they were readily available and a 
retrospective study data set was easily collated. In 2011 it would have been impossible 
to undertake a retrospective study of 6 years with digital imaging. It may though have 
been possible to design a prospective study commencing in late 2010 at some centres. 
Data collection for this though for such a study would have continued into 2016. 
 
The key shortcoming of this project was in the data collection tool utilised. It was only 
apparent, upon data extraction, that the Excel spreadsheet was inappropriate to enable 
the generated reports required. Accordingly an Access Database was developed in 
support of this, and future work, within this area. It was apparent to the researcher that 
this was the second time that data gathering and analysis had been a key issue with the 
research and it was essential that this was addressed prior to any further research work 
was undertaken. 
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4.3.5 Further developments 
Practitioner compression force variation in application was apparent within a different 
dataset and over a period of time, highlighting potential client and image quality 
effects (objective two) within one screening service. Further research was required to 
now clarify objective one within other screening centres and to establish: 
 Objective 2: Realise potential consequences to image quality and identify 
possible client effects resultant from any compression force variations. 
and  
 Objective 3: Propose compression force ranges in mammography 
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4.4 Compression force ranges through optimisation (objectives 2&3) 
On reviewing the literature it was clear there was little published evidence on the 
optimisation of compression force in mammography; almost no empirical data was 
available to describe how the breast behaved under compression force. This may begin 
to explain why the NHSBSP guidance is deficient and why this aspect of practice is, 
in the opinion of the researcher, inadequately quality assured. 
 
4.4.1 Design phase 
A research study was therefore designed in an attempt to determine a method for 
compression force cessation (when to stop applying breast compression force). This 
would hope to establish local compression force standards (Paper II) which may then be 
taken forwards to develop future mammography practice. 
 
The research team was developed and included an MSc student who would lead this 
study in respect to data collection. The study was carried out within a symptomatic 
breast unit and consisted of 250 clients who had compression force and breast 
thickness levels recorded during compression application prior to imaging. It was 
decided that this would commence at 50N (5daN) and increased through 10N (1daN) 
increments until the practitioner had reached the termination compression force and 
thickness for the client’s mammogram. The termination force was chosen subjectively 
by the practitioner taking into account client tolerance.  
 
It was established that assessments would again be made on BI-RADS breast density 
as in the previous studies that encompassed this thesis. It was deemed imperative to 
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do this within this study as it was envisaged that the compression forces required for 
breasts of different densities would be different. 
 
4.4.2 Results 
The results established that there were almost no differences between compression 
forces in all BI-RADS densities up to 110N (11daN). It was recognised that this may 
be due to the machine’s limited precision for thickness measurements (minor 
compressibility differences may exist but the machine cannot differentiate them).  
 
Differences were highlighted between the small and the medium/large compression 
paddles. The small paddle was used exclusively on small breasts and was non-tilting; 
for these breasts there tends to be less mobility with a much smaller compression 
capability range. The medium and large paddles utilised did tilt and the previous study 
(Paper I) noted that larger thickness readout errors were associated with tilting paddles. 
The differences therefore could be partly owing to precision.  
 
The key findings from this study were that three different gradient zones were 
identified (the gradient being the amount of reduction in tissue thickness per unit of 
compression force). The three zones established concurred with high, medium or low 
rates of changes/gradients. In the high gradient zone a high level of thickness reduction 
is achieved with relatively small amounts of compression force. In the low gradient 
zone the amount of thickness reduction was relatively small compared with the 
compression force required to effect that change. In this zone the resistance increases 
rapidly, and the potential for discomfort thought also likely to increase per applied 
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Newton of compression force. The benefit of applying additional compression force 
from the point of entering this zone by practitioners ought to be questioned (Paper II).  
 
The important factor from these results were that there was a lack of difference in 
gradient zones between BI-RADS scores. This meant that any application of 
compression force cessation models could be applied in the clinical setting without 
any adaptation for breast density. It was also important to note that the previous 
compression force research (Paper III) had established that compression force levels and 
thickness levels were not statistically different between BI-RADS breast density 
grades. 
 
The results of this study demonstrated that practitioners, given latitude for clients who 
experience pain/discomfort, should enter the middle gradient zone and attempt to 
reach, but not necessarily enter, the low gradient zone before ceasing the application 
of compression. For this one machine termination of compression force application 
was to begin approaching 130N.  
 
The results of this work (Paper II) provide a strong indication that there is the ability to 
provide practitioners with the required guidance and standards in the application and 
cessation of compression force. It is clearly acknowledged that for this one 
mammography machine in this study, terminations of compression force at 130N 
would be accepted as the most beneficial to thickness reduction, termination in the 
high gradient zone would not be acceptable (when breast thickness levels were highly 
affected by compression force). Termination in the middle zone could be acceptable.  
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As such a range of termination from 90 to 130N could be provided as guidance for 
practitioners on this machine. 
 
4.4.3 Summary  
In summary a method has been identified to minimise practitioner variability. It is 
important to recognise that population specific resistance scales would have to be 
completed at NHSBSP screening service and for different manufacturers. These 
resistance scales would help to standardise local practice and serve as an audit tool for 
QA standards.  
 
4.4.4 Recognised shortcomings 
The first shortfall in this study was that it was conducted in a symptomatic service. 
This was due to the fact that the researcher gathering the information was based within 
a symptomatic service. The research within this thesis mainly focused on screening 
units. Though the two services go hand in hand, it would have been beneficial to either 
centre the work on screening clients or use two cohorts of clients; one symptomatic 
and one screening.  
 
It is clear, following the research outcomes, that this research would have been best 
conducted on a variety of mammography units in different locations simultaneously. 
Though this research has ascertained a very strong outcome, it would have been 
beneficial to have compared this to results from many other mammography systems. 
Though this is a recognised shortfall in this study it can be taken forward for future 
research in this field.  
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The main shortcoming of this paper developed into the main advantage of this paper. 
The paper had inadvertently misused the word ‘pressure’, a colloquialism common in 
clinical practice, for ‘compression force’. A letter to the editor of the journal, to which 
this paper was published, was generated and a response given from the authors. This 
‘colloquial error’ was indeed the making of a new research relationship and work is 
now ongoing between the two research groups developing research proposals centered 
on a pressure based compression application system.  
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4.5 The effect of varying compression force upon image quality (objective 
2) 
Following the research outcomes from the single centre (Paper I) and longitudinal study 
(Paper V) together with the outcomes from the compression force cessation paper (Paper II), 
it was deemed necessary to begin evaluation on the effects of compression force upon 
image quality.  
 
4.5.1 Study design 
The longitudinal study (Paper V) had defined thirty nine clients within its data outcomes, 
who had received markedly different compression forces on each successive screen 
(low 6 to 7.4daN, intermediate 7.95 to 9.6daN and high 11.45 to 14daN).  A study was 
therefore designed (Paper VI) to evaluate the image quality of the mammogram images of 
these clients for their three screening episodes. Due to the variation in scoring image 
quality (IQ) scales the study method utilised three different IQ scales, two of which 
were not evidence based; the validity of these scales was assessed in the method 
design. One of these three IQ scales was a new scale developed through psychometrics 
at the University. 
 
4.5.2 Results 
The results of this study (Paper VI) highlighted that the three image quality scales were 
positive and highly correlated (0.82, 0.9 and 0.85) indicating that they evaluated 
similar image parameters. Even though the mammograms, from an individual client, 
had statistically significantly different compression forces, the image quality scores 
did not vary significantly.  
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Correlating the results of this study (Paper VI) with the cessation of compression force 
study (Paper II) support the requirement of standards to guide practitioners in 
compression force application. It has been demonstrated, although only from a small 
sample, that visual image quality was not affected by changes in compression force 
from 6 to 14daN. This is an important finding which could have far reaching 
implications; though it is very clear that research into lesion visibility at different 
compression forces is required.  
 
4.5.3 Recognised shortcomings 
The dataset for paper VI was directly sourced from the outcomes of the longitudinal 
study dataset (Paper V) and, as such, did not have a formalised study design. As image 
quality descriptors are subjective, it would have been more advised to formulate 
research based on a clinically realistic breast phantom assessing visual image 
perception and lesion visibility to validate this outcome. This, however, can be taken 
forwards for future research in this field. 
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4.6 Confirming the existence of practitioner compression force variation in 
multiple screening centres (objective1, 2 and 3) 
Prior to confirming if there was any practitioner variation in compression force within 
other centres, it was recognised in the design phase for this research, that multiple 
users would be scoring mammogram images for BI-RADS breast density. Though this 
tool is well recognised and established within mammography, it was important to 
ensure that inter and intra operator validity was acceptable prior to the research being 
established. As such, a study was designed in order to determine observer performance 
for breast density estimation and to achieve consistency in the following research 
projects.  
 
4.6.1 BI-RADS consistency across multi-centres 
In accordance with Li et al [2010], the method for this research was designed in order 
to be able to provide simple, reproducible evaluation for observer performance and to 
achieve consistency in additional research projects. Fifty mammogram images were 
scored for density grade by eight observers (Paper IV) at the three sites which were to be 
used for the multi-centre study (Paper VIII), together with one observer from the original 
study site who scored the previous research images (Paper III and V).  
 
Design phase 
During the design phase of this study advice was sought from a breast researcher at 
another University who had recently carried out a similar project [Eadie A et al., 2011]; 
she was bought into the research team and had an effect on how the project was 
steered. Fifty film-screen mammogram images were drawn from an anonymised 
University film library. Images were scored by each observer independently, under 
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the same viewing conditions, blinded to the findings of other observers. To provide 
data to assess intra-observer variability, mammography image sets were scored on two 
iterations with an interval of at least two weeks, to minimise recall bias. 
 
Data analysis comprised of within observer variability (intra-observer variability), 
using Cohen’s Kappa and delta variance, and between observer variability (inter-
observer variability) by using Cohen’s and Fleiss’s Kappa. Cohen's Kappa measures 
agreements between two observers; Fleiss's Kappa measures the overall agreements 
between all the observers. 
 
Results 
Identifying the level of agreement which is acceptable for research purpose was 
difficult with no defining system in place. The baseline for acceptance of this research 
was set at strong agreement or above (0.61). It was also established that the delta 
variance between readers should be 1 or lower. The results demonstrated six of eight 
observers achieved strong intra-observer agreement (Kappa >0.81) with no observers 
demonstrating a delta variance above 1. Inter-observer variability was analysed twice 
and Fleiss' Kappa was used to evaluate concordance between all observers on first and 
second iteration; first scoring Fleiss kappa =0.64, second iteration =0.56. It was 
highlighted that each time an observer was paired with observer 7, who had low 
agreement, correlations reduced, observer 7 was extracted for the purpose of this 
analysis in order to set an acceptable baseline level at strong or above. All other 
observers were thus accepted for participation into further research studies together 
utilising BI-RADS breast density grading (Paper IV). 
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4.6.2 Multi-Centre study progression 
Established very early in the research design were the NHSBSP centres to be used and 
the ‘observers’ who would grade the mammographic density and take readings from 
the mammography images. The observers defined by the previous study (Paper IV) as 
having strong inter and intra reliability; this deemed essential by Li et al [2010]. 
 
Design phase 
The multicentre study assessed 3 consecutive analogue screens of 500 clients from 
each location. The same tested method and exclusion criteria applied as the previous 
single centre longitudinal study (Paper V). As it was well established that clients often 
compared experiences from previous examinations [Robinson et al., 2013], consecutive 
screening images were again deemed essential in method design. 
 
975 clients met the inclusion criteria across three sites; 2925 mammography images. 
Data analysis focused on compression force (N) and breast thickness (mm) variation 
over 3 sequential screens to determine whether compression force and breast thickness 
were affected by practitioner variations (Paper VIII). 
 
Results 
The results from this study demonstrated that compression force over 3 consecutive 
screens varied significantly at each site. It was demonstrated that site three had a 
dictate of a minimum value of compression force application to its practitioners 
(100N) whereas site one and site two did not.  
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Site one and two demonstrated no significant difference in both the mean values for 
the CC (p>0.5) and MLO projections (p>0.1), though site one and three, together with 
site two and three did (p<0.0001). Variation was highly dependent upon the 
practitioner who performed the mammogram. At site one practitioners fell into one of 
three practitioner compression groups by their compression force mean values; high 
(mean 126N), intermediate (mean 89N) and low (mean 67N) (Paper VIII).  
 
Minimum and maximum compression force values in the CC projection ranged from: 
Site one 47N to 122N (75N), site two 42N to 114N (72N), site three 103N to 158N 
(55N). For the MLO projection: site one 65N to 136N (71N), site two 48N to 139N 
(91N), site three 103N to 163N (60N). ANOVA of percentage changes were calculated 
for MLO and CC views. In the MLO view sites one and three, together with two and 
three demonstrated a significant difference (p<0.0001) and this holds true within each 
BI-RADS grade. Sites one and two demonstrated no significant difference (p>0.2), 
this held true for each BI-RADS grade (Paper VIII).  
 
Breast thickness levels demonstrated the same themes; in both the CC and MLO views 
across each BI-RADS grade site one and two demonstrated no significant difference 
(>0.5) whilst site one and three together with site two and three did (p<0.0001). This 
held true for mean values and first and third quartile values (Paper VIII). 
 
Recognised shortcomings 
This research project was large with a significant number of data sets (a potential of 
6000 data sets from each location) for analysis. It was recognised very early on in data 
collection that a more robust method was required for analysis. As such a member of 
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the research team from the University designed a more robust method of data 
collection utilising an access database system. This system was then tested for use and 
then rolled out for use in the other two centres. This system allowed for ease of data 
manipulation and data findings, which would not have been possible previously. It 
was a shortcoming that this was not identified in the design phase of the previous 
longitudinal study (Paper V) and this significantly held up data collection and the start of 
the project. 
 
Summary 
In summary, this research (Paper VIII) firmly established that the amount of breast 
compression force applied by practitioners was not consistent across three NHSBSP 
screening sites, nor was the resultant breast thickness. This research clearly 
demonstrates that the practitioners from the breast screening units behave differently 
in the application of compression force when undertaking mammography. Greater 
consistency between practitioners in the application of compression force for clients 
is exhibited when guidance dictates a minimum compression force. This may have a 
positive impact on image quality comparisons over time, radiation dose and potentially 
cancer detection. The large variation could negatively impact on client experience; 
resulting in varying pain on each attendance, potentially reducing rates of re-
attendance and cancer detection.  
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4.7 Research integration 
The research was integrated and summarised into a final review paper requested by 
the editor of an annual radiographic journal (Paper VII). Unfortunately, this paper was 
produced prior to the multicentre study results being available (Paper VIII). This paper 
collated the key elements of research work contained within this thesis and within the 
University developed mammography research teams. It was intended to have an 
insightful impact on the mammography field. It was published immediately following 
the Francis report [Francis, 2013] and as such the readers were reminded of the 
importance of quality and standards in healthcare.  
 
Firstly, the paper articulated that mammography is well-established, though there is 
little published empirical research into practitioner compression force application. It 
then recognised that literature within this field provides viewpoints, though few are 
based upon quality evidence based results. The paper summarised that compression 
behaviours amongst practitioners have been explored which may influence 
compression force practice [Robinson et al., 2013] and suggested cessation guidelines 
based upon the work carried out within this thesis. It summarised the variability in 
compression forces by practitioners, highlighting the work completed within this 
thesis and confirmed the research carried out by Poulos and McLean [2004]. 
 
4.7.1 Recognised shortcomings 
It was unfortunate that this paper was published prior to the results of the multicentre 
study (Paper VIII) being available; this was mainly due to the fact that the design of the 
database for the multicentre study was not effectively planned in the initial stages and 
this slowed down data collection considerably. 
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4.8 Key research findings 
The key research findings from this thesis work are discussed in line with the research 
objectives: 
 
 Objective 1: Establish the extent of compression force variations within 
NHSBSP 
To date the research contained within this thesis is the only focused work within this 
field of breast compression. The research, performed by the author of this thesis, 
firmly concluded that there is compression force variation amongst practitioners 
within the NHSBSP. Multicentre analysis (4500 client visits) confirmed variation of 
compression force values across the three sites, with CC average at site one 86N, site 
two 84N, site three 125N. For the MLO, site one 97N, site two 88N, site three 132N. 
Analysis of variance (ANOVA) of mean compression force values of practitioners 
demonstrated a significant difference (p<0.0001) between sites ‘one and three’, and 
‘two and three’. Sites ‘one and two’ demonstrated no significant difference (CC p>0.5, 
MLO p> 0.1). These levels of significance held true within each BI-RADS density 
classification. 
 
 Objective 2: Realise potential consequences to image quality and identify 
possible client effects resultant from any compression force variations. 
It is clear from this research that compression force variations were not reflected in 
any measured change in visual image outcome on the grading scales used. In a cohort 
of clients (1500) widely variant compression force levels over longitudinal screens 
were demonstrated; as displayed by MLO/CC projections clients underwent a 
55%/57% (site one), 66%/60% (site two) and 27%/26% (site three) change in 
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compression forces through their three screening visits. This research demonstrated 
that measured differences in image quality scores were not reflected with large 
variations in compression forces; the IQ scores not varying significantly even though 
different compression levels were applied (Kappa: 0.92, 0.89, 0.89) (Paper VI). It is 
recognised though that image quality is a complex area; having to assess and score 
with multiple confounding factors. Lesion visibility research linked to image quality 
has yet to be established within this field. 
 
It is apparent from this research that variation in compression force over sequential 
screening attendances has been recognised and this could have an impact on client 
experience. 
 
 Objective 3: Propose compression force ranges in mammography 
Importantly, it has been established from this research, that there is a compression 
cessation scale that can be developed on an individual mammography unit level 
suggested between 90-130N of force (Paper II). Practitioners would have a guided scale 
for compression force and cessation of force; this being the same for both the CC and 
the MLO projection in all BI-RADS scales. Such a scale could standardise local 
practice and serve as an audit tool for QA standards. It is recognised that the scale may 
have to be developed on a site by site basis and for individual manufacturers and could 
then be utlised to form cessation guideline standards for mamography compression 
force. 
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4.8.1 Key research outcomes 
For the first time in the NHS breast screening service, this evidenced based research 
has defined that there are practitioner variations in breast compression application. 
Across three screening sites the compression force variations were defined in the CC 
projection as: site one 47N to 122N (75N), site two 42N to 114N (72N), site three 
103N to158N (55N). In the MLO projection as: site one 65N to 136N (71N), site two 
48N to 139N (91N), site three 103N to 163N (60N).  
 
Implications for successive client screens have been noted with clients seeing different 
percentage changes in compression forces across three successive screens dependent 
on the screening site they attend, the MLO projection: site one 55%, site two 66%, site 
three 27% and the CC projection: site one 57%, site two 60% and site three 26%. 
 
Cessation guidelines have been proposed (between 90 and 130N of force) for the very 
first time since the breast screening services introduction in 1988. These guidelines 
are now being introduced within the national mammography training centre that the 
researcher manages and within a new mammography academic book that the 
researcher has co-edited and co-authored. 
  
Though clients experience compression force variations, both over time and in 
different screening locations, with significant differences demonstrated (p<0.0001), 
there are no subsequent significant difference in visual image quality. 
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4.9 Future work 
Future work in this field is now being developed in three ways.  
 
Firstly the researcher is one of three editors in a mammography evidenced based 
academic book due to be published in early 2015. This book has an international 
authorship and is aimed at an international audience. It is hoped to have high impact 
on practitioner trainees and current practitioners in the future and guide practitioners 
in new evidenced based principles. As a co-author, key themes from this thesis on 
compression behaviours have been introduced, together with the introduction of 
cessation guidelines of 90-130N of force and the importance of standardisation over 
sequential screening.   
 
The research that has arisen as a direct outcome of the research contained within this 
thesis is also contained within this mammography book (Chapter 6, Figure 6.1). It is 
considered that this academic mammography book would not have been achievable 
without the research contained within this thesis.  
 
Secondly, discussions are underway with a company [VolparaAnalytics™ and 
VolparaDensity™, Volpara Solutions, Wellington, New Zealand] whose software has been 
developed, not only to estimate breast density, but to collate a number of factors 
ascertaining to the digital mammogram image which can be analysed to provide 
reports on practitioners. This research has an aim to run for a number of years to 
establish practitioner behaviours in more detail. This will be the first large scale 
research in this field.  
 
 
C
H
A
P
T
E
R
 F
O
U
R
: 
C
R
IT
IC
A
L
 A
P
P
R
A
IS
A
L
 
 
74 
Finally, and considered most important research development in this field, is the 
collaboration with researchers from the Netherlands who have designed a compression 
paddle based upon pressure force [De Groot et al., 2013; De Groot, Broeders, Branderhorst, den 
Heeton, & Grimbergen, 2014]. The design is complete, though no clinical trials have been 
undertaken with this pressure paddle within the UK. Discussions are underway to plan 
several research projects in this area to run from 2015 and 2016 with the researcher 
being the principle investigator. 
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4.10 Summary and recommendations 
It is important to identify the effect that this research will have for clients within 
screening and symptomatic services. Identification that practitioners vary in the 
compression force they apply over sequential screening attendances could have an 
impact on client experience and potentially reduce re-attendance rates and cancer 
detection. Establishing guidance at 90-130N of force to allow a set range of 
compression forces may have a positive impact, over time, on image assessment 
together with potential cancer detection. 
 
This research demonstrates that practitioners in some breast screening units behave 
differently in the application of compression force when undertaking mammography 
with significant differences in mean compression values between practitioners 
(p<0.0001 for each BI-RADS density). Where guidance dictates a minimum force to 
be applied this results in greater consistency between practitioners in the application 
of compression force for clients. This may have a positive impact on image quality, 
radiation dose reduction and potentially cancer detection; though may also have a 
negative impact on client experience.  
 
Though it is recognised that effects on client experience are multifactorial, there is 
potential for this large variation in compression force in certain breast screening units 
to negatively impact on client experience by resulting in varying discomfort / pain on 
each attendance. This could therefore potentially reduce rates of re-attendance and 
therefore reduce cancer detection. As variation between some screening sites is 
apparent, a client moving location could have strikingly different experiences. 
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In summary, this research has firmly established that practitioners vary in the amount 
of compression force applied during mammography over sequential screens and in 
different mammography units. The compression force that it applied is not consistent 
through screening cycles. As such, correlation between previous images could be 
impaired. It has also been established that there are three compression force gradients, 
enabling the development of compression force cessation guidelines.  
 
These key research findings can define that change is required within the NHSBSP 
within the compression force field. No standards are available to guide practitioners 
on the amount of compression force to apply; this research has established a need for 
such guidance to prevail. If standards are established then the effects on repeated client 
experience over time may become apparent; expectantly an increase in re-attendance 
at screening could be established as the client will have similar compression force 
experiences throughout the screening programme.  
 
Dissemination of these cessation guidelines and the importance of standardisation 
through successive screens is ongoing by the researcher though the academic text book 
to be published in 2015, conference proceedings, and directly to new mammographers 
practitioners through the national training centre that the researcher manages. 
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Chapter Five: Publications 
 
The research within this thesis is based upon the following published papers which are 
contained, in full, within this chapter. 
Paper I Hauge, I.H.R., Hogg, P., Szczepura, K., Connolly, P., & Mercer C.E. 
(2012). The readout thickness versus the measured thickness for a 
range of screen film mammography and full-field digital 
mammography units. Medical physics, 39 (1), 263–271. 
doi:10.1118/1.3663579 
 
Paper II   Hogg, P., Taylor, M., Szczepura, K., Mercer, C., & Denton, E.R.E. 
(2013). Pressure and breast thickness in mammography- an exploratory 
calibration study. The British journal of radiology, 86 (1021), 
20120222. doi:10.1259/bjr.20120222 
 
Paper III  Mercer, C.E., Hogg, P., Lawson, R., Diffey, J., & Denton, E.R.E. 
(2013). Practitioner compression force variability in mammography: a 
preliminary study. The British journal of radiology, 86 (1022), 
20110596. doi:10.1259/bjr.20110596 
 
Paper IV  Mercer, C.E., Hogg, P., Kelly, J., Borgen, R., Millington, S., Hilton, B. 
… Whelehan, P. (2014). A mammography image set for research 
purposes using BI-RADS density classification. Radiologic 
technology, 85 (6), 609–613.  
 
Paper V  Mercer, C.E., Hogg, P., Szczepura, K., & Denton, E.R.E. (2013). 
Practitioner compression force variation in mammography: A 6-year 
study. Radiography, 19 (3), 200–206. doi:10.1016/j.radi.2013.06.001 
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Paper VI  Mercer, C.E., Hogg, P., Cassidy, S., & Denton, E.R.E. (2013). Does an 
increase in compression force really improve visual image quality in 
mammography? – An initial investigation. Radiography, 19 (4), 363–
365. doi:10.1016/j.radi.2013.07.002 
 
Paper VII  Hogg, P., Mercer, C., Maxwell, A., Robinson, L., Kelly, J., & Murphy 
F. (2013). Controversies in compression, Imaging and oncology, 28-
36, ISBN 9871 871101581 
 
Paper VIII  Mercer, C.E., Szczepura, K., Kelly, J., Millington, S.R., Hilton, B., & 
Hogg, P. (2014). A 6-year study of mammographic compression force: 
Practitioner variability within and between screening sites. 
Radiography, Published online: July 29, 2014. 
doi:10.1016/j.radi.2014.07.004 
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Paper I 
Hauge, I.H.R., Hogg, P., Szczepura, K., Connolly, P., & Mercer C.E. (2012). The 
readout thickness versus the measured thickness for a range of screen film 
mammography and full-field digital mammography units. Medical physics, 39 (1), 
263–271. doi:10.1118/1.3663579 
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Paper II 
Hogg, P., Taylor, M., Szczepura, K., Mercer, C., & Denton, E.R.E. (2013). Pressure 
and breast thickness in mammography- an exploratory calibration study. The British 
journal of radiology, 86 (1021), 20120222. doi:10.1259/bjr.20120222 
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Paper III 
Mercer, C.E., Hogg, P., Lawson, R., Diffey, J., & Denton, E.R.E. (2013). Practitioner 
compression force variability in mammography: a preliminary study. The British 
journal of radiology, 86 (1022), 20110596. doi:10.1259/bjr.20110596  
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Paper IV 
Mercer, C.E., Hogg, P., Kelly, J., Borgen, R., Millington, S., Hilton, B. … Whelehan, 
P. (2014). A mammography image set for research purposes using BI-RADS density 
classification. Radiologic technology, 85 (6), 609–613.   
 
C
H
A
P
T
E
R
 F
IV
E
: 
P
A
P
E
R
 I
V
 
 
108 
 
  
 
C
H
A
P
T
E
R
 F
IV
E
: 
P
A
P
E
R
 I
V
 
 
109 
 
  
 
C
H
A
P
T
E
R
 F
IV
E
: 
P
A
P
E
R
 I
V
 
 
110 
  
 
C
H
A
P
T
E
R
 F
IV
E
: 
P
A
P
E
R
 I
V
 
 
111 
 
  
 
C
H
A
P
T
E
R
 F
IV
E
: 
P
A
P
E
R
 I
V
 
 
112 
 
  
 
C
H
A
P
T
E
R
 F
IV
E
: 
P
A
P
E
R
 I
V
 
 
113 
Paper V 
Mercer, C.E., Hogg, P., Szczepura, K., & Denton, E.R.E. (2013). Practitioner 
compression force variation in mammography: A 6-year study. Radiography, 19 (3), 
200–206. doi:10.1016/j.radi.2013.06.001 
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Paper VI 
Mercer, C.E., Hogg, P., Cassidy, S., & Denton, E.R.E. (2013). Does an increase in 
compression force really improve visual image quality in mammography? – An initial 
investigation. Radiography, 19 (4), 363–365. doi:10.1016/j.radi.2013.07.002  
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Paper VII 
Hogg, P., Mercer, C., Maxwell, A., Robinson, L., Kelly, J., & Murphy F. (2013). 
Controversies in compression, Imaging and oncology, 28-36, ISBN 9871 871101581 
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Paper VIII 
Mercer, C.E., Szczepura, K., Kelly, J., Millington, S.R., Hilton, B., & Hogg, P. (2014). 
A 6-year study of mammographic compression force: Practitioner variability within 
and between screening sites. Radiography, Published online: July 29, 2014. 
doi:10.1016/j.radi.2014.07.004  
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Chapter Six: Research development, performance 
and impact 
 
An important factor in establishing collaboration, whilst being facilitated and 
empowered to progress research forward, was in the development of key relationships 
with University and multi-professional colleagues, which enabled progressive impact 
of this research into the mammography arena. 
 
6.1 Development 
In late 2010 the research team at the University had diversified their research 
programme into three key areas, one of which had a mammography focus. It was 
quickly ascertained that this work on compression force sat comfortably within this 
theme. The first project, centred on compression force practitioner variability, was 
established and this soon developed into a whole new research programme in the 
mammography arena for the University with both qualitative and quantitative 
approaches. This saw the creation of new research teams being formed to support this 
research in areas such as; compression paddle bend, paddle motion, image blurring, a 
focus on practitioner behaviours, emotional intelligence and the development of breast 
image phantoms. The formation of these new research directions and teams within the 
University was as a direct result of the introduction of the research contained within 
this thesis. 
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6.2 Research originality 
The central ambition of this research was to provide new, evidence based knowledge 
with a possible resultant change in compression force application in mammography. 
There was an absence of evidenced based research within this arena and available 
guidelines would seem to allow for considerable variations to occur between 
practicing practitioners. 
 
The only evidenced based research available, related to this research area, was 
conducted by Poulos and McLean [2004]. They called for a “..,new perspective on 
breast compression..,” following conduction of a small scale study which concluded 
that large variations between practitioners could occur with the same client. In 2010, 
when commencing this research, no further work had been published in this field and 
practitioners had no evidence-based agreed guidelines to identify optimal compression 
force levels. It was clear, therefore, that this research field was novel.  
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6.3 Research collaboration 
The researcher identified that collaboration and development was essential; strategic 
links were required with several multi-professional teams to establish key, specific 
outcomes (Table 6.1), these included Consultant Radiographers and Research 
Radiographers from other Hospital Trusts and links with other professionals within 
the University community in Psychology and Statistics. Several research teams were 
developed which worked concurrently, yet somewhat independently within their own 
research foci. 
 
Given that breast screening directly, or indirectly, affects a large proportion of the 
population (1.97 million women screened in 2013 [Health and Social Care Information 
Centre, 2014], it was acknowledge by the research teams that this research could have 
widespread value, not just within the UK but with possible international reaches. 
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University Professionals Collaborations 
Professor at University 
Developed links and worked as part of a collaborative team on his project on 
Emotional Intelligence within Radiography 
University Radiographic Lecturers 
(various) 
Developed links to form the basis on new research themes within the University 
(multiple, with both qualitative and quantitative elements) 
Programme Leader Applied Psychology Forged links for the collaboration in Paper VI 
Research Radiographer at University of 
Dundee 
Forged links for the participation in Paper VIII and Paper IV 
PhD student 
Bought into the team at the University to work on the compression bend and distortion 
research (Paper I). Worked closely with this student in the initial stages of her work on 
the design and testing phase 
PhD student 
Bought into the team at the University to work on breast phantom design. Worked 
closely with this student at the beginning of her research in the design and testing 
phase 
PhD student 
Bought into the team to work primarily with breast research, from 2015 to mentor this 
PhD student 
Scientists/Physicists Collaborations 
Consultant Clinical Scientist at Central 
Manchester NHS Trust 
Developed new working relationship to assist in statistical knowledge. Collaborated on 
the first research on practitioner variability (Paper III) 
Medical Physicist/Clinical Educator at 
Queensland Health 
Continued and developed existing working relationship in the medical physics arena. 
Support during the first practitioner variation research (Paper III) 
Senior Medical Physics Specialist at 
John Hunter Hospital, Australia 
Continued and developed existing working relationship (Appendix 1, Paper A) in the 
medical physics arena. Provided support during the whole research work 
Consultant Radiographers Collaborations 
Consultant Radiographer  
(First NHS Trust) 
Developed discussions for Initial Research (Paper V) and then developed key 
relationship for support throughout this research and collaboration with Papers: IV, VI, 
VIII and the Mammography Academic Book 
Consultant Radiographer  
(Second NHS Trust) 
Forged links for participation in the Multicentre Research (Paper VIII) and also the BI-
RADS research (Paper IV) 
Consultant Radiographer  
(Third NHS Trust) 
Working links established and the development of Pressure Map Research was as a 
result of the work within this thesis 
Radiographers Collaborations 
Radiographer  
(First NHS Trust) 
Assisted in the data gathering stage for the Multicentre Research (Paper VIII). 
Progressed into co-author in one book chapter of the Mammography Book 
Radiographer  
(Second NHS Trust) 
Assisted in the data gathering stage for the Multicentre research (Paper VIII). 
Progressed into co-author in one book chapter of the Mammography Book 
Radiographer 
(Third NHS Trust) 
Mentored throughout her MSc project and worked collaboratively with her on Paper II 
Table 6.1 Research teams 
  
 
C
H
A
P
T
E
R
 S
IX
: 
R
E
S
E
A
R
C
H
 P
E
R
F
O
R
M
A
N
C
E
  
 
144 
6.4 Overall research impact 
Figure 6.1 represents the development of research in this field arising from the 
research theme within this thesis. It directly illustrates the impact of the thesis 
publications, not only in developing new research themes within the University, but 
in developing research interests outside the University and also outside of the UK. It 
is unequivocal that further development of research in this arena was a direct outcome 
from the mammography breast compression force research developed and contained 
within this thesis. 
 
It is important for the practitioners when performing mammography that they gain 
compliance of the client with effective interactions throughout the process. The 
practitioner is also required to respond to the emotional and physical needs of the client 
to be able to produce a high quality image. Qualitative research has been established 
seeking to understand why practitioners behave the way they do when they apply 
breast compression force [Murphy F et al., 2014; Robinson et al., 2013] and to understand if 
there is a process that practitioners follow when applying compression. Both these 
projects developed as a direct result from the work contained within this thesis on 
practitioner variation. 
 
Development in the Netherlands into a focus on pressure based compression instead 
of force based compression is rapidly progressing [De Groot et al., 2014]. The 
development of this pressure based research was directly influenced by the research 
outcomes of this thesis as they saw the requirement for standardisation. A new project 
is currently being established with the thesis author and this group of researchers to 
progress pressure based compression within the UK. 
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The culmination of this research is to be published in a new mammographic academic 
book (Springer expected published date 2015). The aims of which are to provide a 
single holistic and evidence-based publication to cover mammography and 
mammography based techniques; currently not present in the mammography field. 
The author of this thesis is one of three editors of this book, and also the author of one 
of the book chapters. The key themes from this thesis research are contained within 
the book; specifically the requirement for standardisation at a suggested 90-130N of 
force. 
 
It is clearly demonstrated (Figure 6.1) that further projects are developing outside the 
University teams. This highlights the impact and significance of this research, 
illustrating the contextual impact for future clinical practice.  
 
Code: Figure 6.1 -  
Within Figure 6.1 the full lines indicate research developed within the University as a direct 
result from the research themes.   
The dashed lines indicates established research developed from the research themes outside 
the University.  
The numbers adjacent to the text refer to the publication details; these are detailed in Table 
6.2. 
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Central Theme - Practitioner 
variation 
Central Theme - Breast behaviour 
Single centre study (Paper III) Bra sizes / breast volumes  linked 
to breast compression (14)
Compression, breast 
thickness and volumetric 
breast density (16)
Central Theme - Client based
How breast behaves under compression - 
client study (Paper II)
Developed theme: Image quality
Six year longitudinal study (Paper 
V)
Newly developed research 
themes outside the 
Univerity
Compression behaviours (1)
Precision errors: Compression paddle bend and 
distortion (Paper I)
Developed theme: Image 
blurring (10), (11)
Image quality and breast 
compression (Paper VI)
Multicentre six year longitudinal 
study (Paper VIII)
Measurment of compressed 
breast thickness for breast 
density assessment (15)
Pressure as a measure of 
compression instead of force 
(17) and (18)
Pain and repeat breast screening 
attendance (2)
Deformable breast phantom - evaluation of 
lesion visibility (6)
Developed theme: 
Stereotaxis breast bulge and 
lesion visibility (12), (13)
Higher image quality and greater 
compression force in mammography 
(5)
Pain in mammography - where 
does it arise and interventions  (3), 
(4)
Pressure map analysis of client breast tissue 
(7), (8)
Paddle motion analysis  (9)
Determine values to educate and change 
practice (Springer: Mammography 
Acedemic Book in press)
Figure 6.1: Research developments 
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Publication details for Figure 6.1 
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2014. doi:10.1016/j.radi.2014.05.009 
 
2. Whelehan, P., Evans, A., Wells, M., & McGillivray, S. (2013). The effect of mammography pain on repeat participation in breast cancer 
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 7 Smith, H., Hogg, P., Szczepura, K., Mercer, C., & Maxwell, A. (2013). An analysis of compressed breast area and image 
receptor/compression paddle pressure balance in different mammographic projections. Paper presented at the UK Radiological Congress 
2013.  
 8. Darlington, A., Hogg, P., Szczepura, K., & Maxwell, A. (2013). Optimising paddle and detector pressures and footprints in mammography. 
Medical physics, 40 (4), 041907. 
9. Kelly J., Hogg P., Millington S., Sanderud A., Wilcock C., McGeever G., … Kelly S. (2012). Paddle motion analysis preliminary research. 
Paper presented at the Symposium Mammographicum 2012. ISBN 10:0-905749-77-4. ISBN 13:978-0-905749-77-8. Retrieved from: 
http://www.birpublications.org/doi/book/10.1259/conf-symp.2012 
 
10. Hogg, P., Szczepura, K., Kelly, J., & Taylor, M. (2012). Blurred digital mammography images. Radiography, 02/2012, 18(1), 55–56. 
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11. Ma, W.K., Hogg, P., Kelly, J., & Millington, S. (2014). A method to investigate image blurring due to mammography machine compression 
paddle movement. Radiography, Published Online: June 21, 2014. doi:10.1016/j.radi.2014.06.004 
 
12. Williams, S., Hackney, L., Hogg P., Szczepura K. Breast tissue bulge and lesion visibility during stereotactic biopsy – A phantom study. 
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13. Williams, S., Hackney, L., Hogg P., & Szczepura K. (2013). Tissue bulge during stereotactic core biopsy. Radiography, 19, (4) 366–368. 
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Mammographicum 2014 meeting abstracts. ISBN 10:0-905749-80-4 ISBN 13: 978-0-905749-80-8.  Retrieved from: 
http://www.birpublications.org/doi/book/10.1259/conf-symp.2014 
 
15.  Hewes, H., Williamson, A., Noonan, P., Sergeant, J.C., Dunn, T., Haste, S. … Astley, S. (2013). Measurement of compressed breast 
thickness for breast density assessment using a games console input device. Paper presented at the 6th International Breast Densitometry and 
Breast Cancer Risk Assessment Workshop 6-7 June 2013 San Francisco, USA. Retrieved from: http://dx.doi.org/10.1594/ecr2013/C-2199 
 
16. Khan-Perez J., Mercer C., Bydder M., Sergeant J., Morris J., Maxwell A., … Astley S. (2013). Breast compression, compressed breast 
thickness and volumetric breast density. Breast cancer research, 15 (1). 
 
17.  De Groot, J.E., Broeders, M.J.M., Branderhorst, W., den Heeten, G.J., & Grimbergen CA. (2013). A novel approach to mammographic 
breast compression: Improved standardization and reduced discomfort by controlling pressure instead of force. Medical physics, 40 (8), 081901. 
doi:10.1118/1.4812418 
 
18. De Groot, J.E., Broeders, M.J.M., Branderhorst, W., den Heeten, G.J., & Grimbergen CA. (2014). Mammographic compression after breast 
conserving therapy: controlling pressure instead of force. Medical physics, 41 (2), 023501. doi:10.1118/1.4862512 
 
 
Table 6.2: Publication details for research developments 
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6.5 Research impact overview 
The research for this thesis was completed between 2010 and 2014, with peer reviewed 
publications between 2012 and 2014. Posters, proffered papers and invited speaker 
papers at conferences commenced in 2010 in order to promote the research topic and 
stimulate peer and expert debate within this research arena. 
 
6.5.1 Conference proceedings 
Enthusiasm for the research topic was rapidly fortified; the first initial presentation 
within a United Kingdom (UK) conference on the subject in 2010 progressed into 
developed proffered posters papers in 2011-13, cumulating to an invited speaker in an 
international conference on mammography in 2014. Table 6.3 summarises the 
contributions to conferences and peer reviewed education for the research area; 
recognising the presentation awards, seminars and invited speaker invitations. 
Appendix Two contains the poster/speaker abstracts and awards. 
C
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UKRC 2010 UKRC 2011 UKRC 2012 UKRC 2013 UKRC 2014 
Symposium 
Mammographicum 
2010  
Symposium 
Mammographicum 
2012  
Symposium 
Mammographicum  
2014 
Paper I  Poster       
Paper II 
   Poster     
   Proffered paper     
Paper III 
Proffered paper* 
Proffered paper 
 
      
Paper IV 
       Poster  
Poster      
Paper V    
Poster  
Proffered paper** 
    
       
Paper VI      
Poster 
  
Paper VII 
   
Distributed article 
to all delegates at 
conference     
Paper VIII 
       Poster  
Invited speaker 
       
Table 6.3: Conference proceedings 
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Proffered paper*      Awarded Alan Nichols Award 
 
Proffered paper**   Awarded Best Oral Presentation in the session entitled: Challenges 
of Screening 
 
 
UKRC was selected as one of the main conferences for presentation of this work as it 
is the leading and largest diagnostic annual imaging event in the UK. It covers all 
aspects of diagnostic imaging and oncology and consists of a three day 
multidisciplinary conference with technical exhibition. It attracts between 3,000 and 
4,000 people each year and as such it was hopeful that presentations of research work 
at this conference would gain an impact not just within mammography, but in the 
radiography field as a whole. 
 
Symposium Mammographicum was also selected for presentation of the research 
works. It is a registered charity and aims to stimulate and support research and 
disseminate knowledge in the area of breast cancer diagnosis and treatment. This is a 
biennial Symposium and attracts both UK and international delegates. It was seen 
essential that the work was disseminated within this conference to gain both UK and 
international impact.  
 
6.5.2 Dissemination of research at a local level 
Together with UKRC and the Symposium Mammographicum it was essential that this 
research was disseminated locally within the mammography arena. The first research 
was disseminated at the inaugural University of Salford Breast Research evening 
seminar in 2012 and had very encouraging feedback, this followed further 
dissemination in 2014 at a Mammography Update day within the Hospital Trust. 
Finally, at a local setting, the thesis work was presented at the NHS Research & 
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Development North West Conference in September, 2014. Together with the 
presentation of the research findings the author also presents how collaborative work 
is essential when undertaking a PhD by published works. The author was invited to be 
part of the conference organising committee and was involved in peer reviewing the 
publication abstracts for this conference. 
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6.6 Summary 
The research within this thesis has made a significant, initial contribution within the 
UK and international mammography field. It has highlighted a considerable issue of 
lack of standards within current mammography compression force practice and, with 
an advanced line of enquiry, has provided evidenced based research to effect a change 
in the professional mammography landscape by suggesting such standards (90-130N) 
and highlighting the requirement for practitioner standardisation. It has done this by 
educating peers and experts within the field to the changes that are required to create 
an evidenced based quality standard for future mammography practice.  
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6.7 Publication metrics  
It was important to clarify the contributions of the peer reviewed publications to the 
research field and this was done by assessing the publications with citation metrics. 
Google Scholar [http://scholar.google.co.uk/citations] was utilised to illustrate citations 
for all the published publications from 2011 to 2013 (Figure 6.2), with Research Gate 
[https://www.researchgate.net] utilised to demonstrate publication views and full text 
downloads since 2011 (Figure 6.3).  This research established immediate interest 
following publications in 2011 and has continued within the following years to date. 
Citations arise from Papers I to III and VI only, with current citations limited due to 
the publication dates of most of this research work being in 2013 and 2014. 
 
It is recognised that the citation metrics shown from Research Gate underestimate the 
total downloads, such as within journal websites and the Society of Radiographers 
website. Research Gate was used as a tool to compare journal articles within the same 
research forum. Though Research Gate is an essential distributer of research 
throughout its networking site and claims to have 3 million users, it is not clear how 
many of these have active accounts and it is recognised that the forum is open to 
manipulation. The use of Research Gate has enabled distribution of these thesis 
publications to places such as Malaysia, Denmark and New Zealand and has directly 
resulted in the formation of new research collaborations in the Netherlands. 
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Figure 6.2: Research publication citations per annum [Google scholar citations, 2014]  
  
 Figure 6.3: Overview of research publication metrics [Research Gate, 2014]  
 
Illustrated in Figure 6.4 Research Gate provides an overall impact score for an author 
(RG) and summarises this over time. The key aim of this score is to assist researchers 
in measuring standing within the scientific community; the RG algorithm works by 
not only assessing how the researchers and peers receive and evaluate the research but 
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by assessing who those peers are. The higher the scores of those researchers that the 
researcher interacts with, the higher their RG score, the published research is then 
factored in and the RG score calculated. It is acknowledged that this score can be 
subject to misuse and manipulation and there is also known differences in impact 
scores for different research genres; cancer research being quite high. Aside from this, 
Research Gate has been an essential forum for the distribution of research within this 
thesis work and has enabled collaboration with other researchers, both within and 
outside, the field of mammography. 
 
Research Gate indicates an RG score of 14.03 for the author, being in the 55% of 
research gate members, demonstrating that this research is having a substantial 
contribution to the research field within the RG arena.   
 
 
Figure 6.4: Author’s impact score [Research Gate, 2014]  
 
C
H
A
P
T
E
R
 S
IX
: 
R
E
S
E
A
R
C
H
 P
E
R
F
O
R
M
A
N
C
E
  
 
155 
6.8 Individual publication metrics 
In order to demonstrate the standing of the research, the papers within this thesis are 
considered for journal metrics, critical performance metrics and citation mapping 
representing: 
 publication journal metrics (journal performance) 
 critical performance metrics (article performance) 
 citation mapping (qualitative review of citations received) 
The referred ‘h index’ indicates the productivity and impact of the published work of 
the journal based upon citations. The h5 index this demonstrates the index for the 
articles published within the last 5 complete years for the journal authors. 
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6.8.1 Journal metrics  
The papers within this thesis are published in five journals, the metrics for each journal 
are demonstrated (Table 6.4) followed by an overview on the journal selection for each 
individual paper. 
Journal h5-index  
[Google Scholar, 2014] 
h5-median  
[Google Scholar, 2014] 
Impact factor 
 
5 year  
Impact factor 
Medical Physics 
60 78 
2.911 3.138 
British Journal of 
Radiology 
 
32 39 
2.11 1.938 
Radiologic 
Technology 
 
11 19 
1.08 - 
Radiography  
14 
 
16 
No impact factor rating.  
Official quarterly press journal for the 
Society and College of Radiographers 
and distributed to each member of the 
Society 
Imaging and 
Oncology 
 
14 
 
16 
No impact factor rating. Included in 
every delegate pack in 2013 at both 
UKRC and UKRO, as well as at 
College of Radiographers’ seminars, 
study days and events 
Table 6.4: Journal publication metrics  
 
Medical Physics: Paper I is published within Medical Physics, a scientific journal 
which publishes research concerned with the application of physics and mathematics 
in the solution of problems in medicine and human biology. Manuscripts concerning 
theoretical or experimental approaches are published within this journal [Medical physics 
journal online, 2014]. This high impact journal was selected as the research was physics 
based and considered an appropriate fit within this journal. 
 
The British Journal of Radiology (BJR): Paper II and III are published within BJR, 
an international research journal of the British Institute of Radiology. It is essential 
reading for radiologists, medical physicists, radiotherapists, radiographers and 
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radiobiologists. The journal publishes original research papers from centres 
internationally together with editorials, review articles, communications and letters to 
the editor. Articles cover a wide range of subjects, including diagnostic radiology, 
radiotherapy, oncology, nuclear medicine, ultrasound, radiation physics, radiation 
protection and radiobiology [British Journal of Radiology Publications, 2014]. This journal 
was selected for these papers as it was a high impact journal, featuring novel research 
with a wide reading audience. The subject matter of these papers was highly original 
and was therefore considered an ideal base for these publications.  
 
Radiologic Technology: Paper IV was published within Radiologic Technology, the 
official scholarly journal of the American Society of Radiologic Technologies. It is 
award winning and publishes bi-monthly; it has published continuously since 1929 and 
circulates to more than 145,000 readers worldwide. It covers all disciplines within 
medical imaging and in addition to peer reviewed articles features educational articles 
and columns of interest to the profession Research Gate 2014].  
 
Radiography: Papers V, V1 and VIII are published within the international peer 
reviewed journal of Radiographic Imaging and Radiation Therapy, Radiography. It is 
the official quarterly press journal for the Society and College of Radiographers and is 
published by Elsevier Ltd. Its aims are to publish high quality clinical, scientific and 
educational material on all aspects of radiographic imaging and all aspects of radiation 
therapy. The journal includes original research, review articles, technical notes, 
evaluations and case studies. 
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Radiographic society members can directly access journals from the Radiography web 
site, together with this each society member has the journal directly distributed to 
them. The Canadian society members also have full access to the journal articles which 
increases potential circulation. In order to ensure that the mammographers themselves 
had sight of this research, this journal was considered to be the most desirable way of 
disseminating this work having direct readership with the mammographers who 
practiced in the field. 
 
Imaging & Oncology: Paper VII was commissioned on request for 2013 Imaging and 
Oncology. This annual title publication coincides with the United Kingdom Radiology 
Congress (UKRC) [UKRC, 2014]. It is widely circulated and sent to all radiologists, 
oncologists and heads of education centres. It is also circulated to clinical radiology, 
radiotherapy and medical physics departments in the UK. In 2013 when this article 
was published Imaging & Oncology was included free in every delegate pack at both 
UKRC and UKRO [UKRO, 2013], as well as at College of Radiographers’ seminars, 
study days and events. This article summarises all the research carried out in the thesis 
together with further work by other research groups driven and developed as a direct 
result of the authors’ initial work. The journal editors requested this work illustrating 
the importance of the work in this field at this time. 
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6.8.2 Critical performance metrics  
The specific performance metrics for each paper are discussed and illustrate the impact 
from a perspective of Research Gate (publication views and downloads) and Google 
Scholar (citations). Publication views and downloads for each paper (Fig 6.5) illustrate 
the immediate interest of this research within the field. 
 
 
Figure 6.5: Paper metrics 
 
Publication citations are low; 23 in total from all papers, namely due to the recent 
publication year of the research (2012-2014) and the highly novel research theme with 
few other researchers working in this field. Newly developed research within the 
mammography arena is being established through the University of Salford following 
the introduction of the research within this thesis and, as such, citations established 
from work at the University form a 26% proportion of the total citations (6/23). Self-
citations form a 39% proportion (9/23), and citations from other established 
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researchers in the field 35% (8/23). Within this 35%, table 6.5 illustrates indicative 
impact factor (IF) ratings assigned to the journals which the papers are cited. 
 
Paper Journal title Journal details Journal impact 
factor 
 
 
 
 
 
I 
 
Geeraert, N., (2014).Comparison of volumetric 
breast density estimations from mammography 
and thorax CT.  
Phys med biol. 7; 59 (15):4391-409. 
doi: 10.1088/0031-
9155/59/15/4391. Epub 2014 Jul 22. 
2.992 
De Groot, J.E., Broeders, M.J.M., Branderhorst, 
W., den Heeten, G.J., & Grimbergen CA. (2013). 
A novel approach to mammographic breast 
compression: Improved standardization and 
reduced discomfort by controlling pressure 
instead of force.  
Medical physics, 40 (8), 081901. 
doi:10.1118/1.4812418 
 2.91 
Groobe, A, et al., (2012). Spectral Volumetric 
Glandularity Assessment 
Breast Imaging Lecture Notes in 
Computer Science. Volume 7361, 
2012, pp 529-536 
 
No IF 
Alonzo-Proulx, R.A., Jong & Yaffe, M.J. (2013). 
Volumetric breast density characteristics as 
determined from digital mammograms  
Physics and Medicine in Biology. 
Vol 57 No:22 2.992 
 
 
 
 
II 
De Groot, J.E., Broeders, M.J.M., Branderhorst, 
W., den Heeten, G.J., & Grimbergen CA. (2013). 
A novel approach to mammographic breast 
compression: Improved standardization and 
reduced discomfort by controlling pressure 
instead of force.  
 
Medical physics, 40 (8), 081901. 
doi:10.1118/1.4812418 
 
2.91 
De Groot, J.E., Broeders, M.J.M., Branderhorst, 
W., den Heeten, G.J., & Grimbergen CA. (2014). 
Mammographic compression after breast 
conserving therapy: controlling pressure instead 
of force.  
Medical physics, 41 (2), 023501. 
doi:10.1118/1.4862512 
 
 
 
2.91 
III De Groot, J.E., Broeders, M.J.M., Branderhorst, 
W., den Heeten, G.J., & Grimbergen CA. (2013). 
A novel approach to mammographic breast 
compression: Improved standardization and 
reduced discomfort by controlling pressure 
instead of force. 
Medical physics, 40 (8), 081901. 
doi:10.1118/1.4812418 
2.91 
De Groot, J.E., Broeders, M.J.M., Branderhorst, 
W., den Heeten, G.J., & Grimbergen CA. (2014). 
Mammographic compression after breast 
conserving therapy: controlling pressure instead 
of force.  
 
Medical physics, 41 (2), 023501. 
doi:10.1118/1.4862512 
 
 
 
2.91 
Table 6.5: Citation overview 
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6.8.3 Originality of publications and new lines of enquiry 
Paper I was the first publication to detail the non-concordance of the readout thickness 
display on the mammography machine and the actual breast thickness, together with 
specifying the compression paddle bend and distortion on numerous mammography 
machines. This paper challenged current beliefs in regards to the accuracy of readouts 
on mammography systems. Within the context of the author’s work this research 
established a solid framework for the continuation of the research within this thesis. It 
ensured that ongoing research utilised one mammography machine, to limit the 
variability of inaccuracies in data gathering and analysis using multiples 
mammography machines. In this way it added stability to the rest of the research 
framework. 
 
Together with this, this publication assisted with research in the Netherlands, De Groot 
et al [2013] took into account this empirical research (Paper 1) and ensured that they 
extensively calibrated their mammography unit to accommodate for compression plate 
bend and distortion. Instigation of new research themes focused on image blurring as 
a direct result of compression paddle movement have also been resultant from this 
paper. 
 
Paper II was the first publication to detail the correlation between breast thickness and 
compression force on a sample of patients from a mammography service.  This paper 
was highly novel; it had not been researched since Poulos and colleagues in their small 
study in 2004 [Poulos, A. and McLean, D 2004] who then called for more research within 
this field. This paper had a direct impact on the work of researchers in the Netherlands; 
they were working on observations of pressure instead of compression force. The 
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paper used the word ‘pressure’, a colloquialism common in clinical practice for 
‘compression force’ (Section 3.2.2). As this was not the correct physical terminology 
a letter to the editor of this journal was generated and a response given. This ‘colloquial 
misuse’ was indeed the making of a new research relationship and work is now being 
developed between the two research groups to develop research themes for the future. 
 
Paper III was the very first publication within the research arena to demonstrate 
practitioner variation within and between mammography practitioners within a patient 
centred study. As such, this paper was highly novel and followed on from the work in 
the small cohort of clients by Poulos and Mclean in 2003 and 2004, who had 
demonstrated in their research outcomes that there was an element of practitioner 
variation. This research saw the introduction of new lines of enquiry and the 
development of further work in this field. It had coherently demonstrated that 
practitioner variation did exist in a cohort of practitioners; development of this work 
was essential to further cement this theory.  
 
Paper IV was not ground-breaking research, however it was imperative to underpin 
the continuing lines of research and allowed for the continuation of research within the 
multicentre sites. Without the knowledge of the good intra and inter reliability in the 
scoring of images for BIRADS breast density, the rest of the research would have been 
flawed.  
 
Paper V was a continuation of the research findings of Paper III; and was the first 
published research to demonstrate a significant demonstration of practitioner variation 
of compression force over a six year period. This research illustrated a developed 
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research theme, generated interest following on from conference presentations, and 
highlighted the requirement for a multicentre study in this area. This research also gave 
rise to the development of new qualitative breast research focusing on practitioners 
behaviours within mammography [Murphy et al., 2014; Robinson et al., 2013]. This was the 
first time that practitioner behaviour had been directly linked to variation in breast 
compression force. 
 
Paper VI was a continuation of the research findings of Paper V, it was empirical 
research and to date the paper has over a hundred and fifty views and sixty six 
downloads. This research established that visual image quality was not effected by a 
change in compression force. It was recognised that this is a small cohort and further 
research is required into lesion visibility and breast thickness; ideally within a breast 
phantom. A PhD research student at the University is now developing this theme.  
 
Paper VII was novel within this journal. Previous issues of this journal from 2005 to 
2014 inclusive had only 3 articles based in breast cancer care which focused on 
treatment, sentinel node imaging and brachytherapy. This paper was the first within 
this journal focusing on empirical mammography research and was seen to be highly 
novel for this journal. Following the Francis report [Francis, 2013] it was recognised 
within the forward of this journal that patients must come first and that professionals 
must take a responsibility to ensure this; it acknowledges this paper as contemporary 
within its field. 
 
Paper VIII was the accumulation of research so far and was the first paper to be 
published which demonstrated practitioner variation in breast compression force in a 
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multicentre study across 6 years. As such this research was highly novel and has been 
acknowledged by a conference forum that this research could have widespread value 
with the potential to change compression force protocols in the future. As a direct 
outcome of this research, further research teams are being established to work on 
practitioner variation in the digital mammography field using software called 
Volpara™ which instantly enables direct reports of practitioner compression force 
values linked to breast thickness readouts.  
 
The author was asked, as an invited speaker, to present the findings of this research at 
the Symposium Mammographicum conference in 2014. This was considered to be of 
substantial importance for this research and considered a development of the 
researcher (Figure 6.6). The impact of presenting the research findings at this 
conference were high, with well esteemed colleagues in attendance. Together with this 
the research findings are being presented at the European Society of Radiology 
conference ECR in 2015.  
 
Figure 6.6: Development of researcher at conferences 
 
  
2010 conference: 
Peer reviewed posters 
(awarded Alan Nichols 
Award)
2012/2013 conference: 
Peer reviewed 
presentation (awarded 
conference prize for best 
oral presentation in a 
session)
2014 conference: 
Invited conference 
speaker
2015 conference:
ECR speaker
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6.9 Overview of journal metric impact 
For all articles published in peer reviewed journals for this thesis the impact per 
publications (IPP), the measure of the scientific influence of each journal (SJR) and 
the source normalised impact per paper (SNIP) is compared. This illustrates the 
published journals quality and reputation within the subject field and allows for a direct 
comparison of the journals which these thesis publications are published [Journal Metrics, 
2014]. 
 
Figures 6.7-6.9 compare the SNIPP, IPP and SJR creating an accurate overview and 
comparison of the citation impact of the journals to which these thesis articles are 
published. SNIP, IPP and SJR are known to form good correlation with current impact 
factors of journals. This is useful for the Radiography journal, which has no impact 
factor, to which several of the main articles for this thesis are published within.  
 
It is demonstrated that articles within Radiography are being increasingly cited each 
year; with a more notable increase from 1999 to 2013 than the other journals within 
the same time period. The IPP (Figure 6.8) illustrate a steady increase over the last 15 
year period for all journals in which these research papers have been published; with 
the exception of Radiologic Technology whose journal metrics were not available until 
2013.  It is of interest to note that, though not impact factor rated, the SNIP, IPP and 
SJR of Radiography is higher than Radiologic Technology which has an impact factor 
rating of 1.08. 
 
C
H
A
P
T
E
R
 S
IX
: 
R
E
S
E
A
R
C
H
 P
E
R
F
O
R
M
A
N
C
E
  
 
166 
 
Figure 6.7: Source normalised impact per paper [Elsevier Connect, 2014] 
 
Figure 6.8: Journal impact per publications [Elsevier Connect, 2014] 
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Figure 6.9: SCImago Journal Rank  [Elsevier Connect, 2014] 
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6.10 Conclusion of research development, performance and impact 
The research contained within this thesis has demonstrated the creation and 
interpretation of new academic knowledge through original research, which has 
merited both peer reviewed publications and invitations to present at well-established 
conference proceedings. 
 
Through systematic acquisition of new knowledge and the formation of new research 
teams with developed research links, the researcher has demonstrated the ability to 
conceptualise study design and structure and process ethics approvals; both within the 
University and within Hospital Trusts. The researcher has demonstrated the ability to 
establish new research groups and lead research teams, formulate and action issues, 
analyse and interpret data, and edit and structure research papers. 
 
The researcher has demonstrated that the work contained within this thesis has had a 
direct and novel impact in the mammography arena. It has effected new research 
pathways within the UK and internationally. The research has been published in peer 
reviewed journals with established metrics and wide reaching audiences. The author’s 
performance is recognised and the peer reviewed articles and conference articles are 
being viewed in established research forums. The research is also disseminated into a 
new international academic mammography book. 
 
In summary the researcher has shown progressive and influential research impact into 
the mammography arena with the published work contained within this thesis.  
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Appendix Two: Support of conference proceedings 
A.2.1 Symposium Mammographicum Conference 2010 
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A.2.2 Symposium Mammographicum Conference 2012 
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A.2.3 Symposium Mammographicum Conference 2014 
Bournemouth International Centre 
29 June - 1 July 2014 
2014 Programme 
We are delighted that Professor Richard Sullivan, Director of the new Kings Health Partners Institute 
of Cancer Policy, has agreed to deliver The Sir John Stebbings Lecture on Age and Affordability. 
Professor Elizabeth Morris will be joining us from the United States where she is Chief of the Breast 
Imaging Service at the Memorial Sloan-Kettering Cancer Centre. We are really pleased as she will be 
presenting two talks; the first of which will focus on imaging and new technology and the second will 
look at MRI screening in the younger high risk woman and avoiding over diagnosis. 
Other confirmed speakers include Mrs Claire Mercer (University Hospital of South Manchester), Mrs 
Claire Borelli (St George’s Hospital) and Dr Sian Taylor-Phillips (University of Warwick), who will be 
focussing on topics such as Compression, Implants and Fatigue and Changing Case Order in Breast 
Screening Radiology: The CO-OPS Trial.  
Other highlights will include Dr Elizabeth O’Flynn discussing MRI Parameters, Professor Andy Evans 
presenting Shear Wave Elastography Prediction and Professor Fiona Gilbert looking at Tomosynthesis. 
There will be a session dedicated to Tailored Treatments and Professor Carlos Caldas (Cancer Research 
UK), Miss Adele Francis (University Hospitals Birmingham NHS Trust) and Professor Lesley 
Fallowfield (Brighton and Sussex Medical School) will focus on Biology of Breast Cancer, The DCIS 
Trial – initial experience and Our Esoteric Breast Cancer World. 
Other sessions planned will include Mammographic Fundamentals, Imaging; Optimising Current Tools 
and Age and Breast Cancer.  
Dr. Ros Given-Wilson 
Chair, Organising Committee 
Symposium Mammographicum 2014 http://conferencesympmamm.org.uk/ 
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A.2.4 UKRC Conference 2010 
Proffered presentation awards 
The winners of the proffered presentation competition at this year’s United Kingdom Radiology 
Conference (UKRC) were awarded as the celebrations continued. 
 
The awards were given as follows: 
 
The Alan Nichols Award went to Claire Mercer from the Royal Bolton Hospital for her paper, 
‘The impact of breast compression on mammography image quality:  ‘Initial Findings’.  
 
In a gesture to mark what would have been Alan’s 100th year had he still been alive, this award 
was presented by his three children. 
 
Claire’s win marked the second consecutive year that someone from the Royal Bolton had picked 
up this particular prize. 
 
The Forder Memorial Award was given to Tienne Lockwood from the University of Bradford for 
her paper, ‘Diffusion tensor imaging and schizophrenia’ poster. 
 
The Beth Whittaker Award was won by Kieran Murphy from the Liverpool Heart and Chest 
Hospital for his poster, ‘Use of a blood pool contrast agent for MR vascular mapping in patients 
with cystic fibrosis’. 
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A.2.5 UKRC Conference 2012 
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A.2.6 UKRC Conference 2014 
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